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Abstract 
Emission of airborne engineered nanoparticles (ENPs) is rising significantly 
due to the recent rapid growth of nanotechnology, and people are increasingly 
exposed to them in different environments, particularly in workplaces. To fully 
understand the adverse effects of ENPs on human health, it is absolutely essential to 
comprehensively characterise their physiochemical properties.  
The overall aims of this research were to: a) contribute to proposing a 
harmonised sampling and measurement procedure for a metrologically-traceable size 
characterisation of ENPs, and b) determine and quantify the effects of parameters 
influencing the emission of ENPs from nanotechnology activities.  
Due to the importance of size in the fate of ENPs in different environments 
including the human respiratory tract, an accurate characterisation of this parameter 
is of crucial importance. This signifies the urgent need for proposing a harmonised 
measurement procedure for the traceable size characterisation of ENPs. The first part 
of this PhD project was set out to propose harmonised size characterisation protocol 
for ENPs. A method  for standardised aerosolisation of SiO2 nanoparticles followed 
by an inter-laboratory comparison of online and offline size measurement techniques 
was described, aiming to propose a harmonised size characterisation procedure for 
ENPs. Two different SiO2 aerosols with one and two nanoparticle population(s) were 
used. The online measurement results obtained by Scanning Mobility Particle Sizer 
(SMPS) in five laboratories were in good agreement within the measurement 
uncertainties for both aerosols, which validated the proposed measurement 
procedure. For the offline measurement, different instruments as well as different 
sampling techniques and substrates were investigated. The inter-laboratory results for 
Atomic Force Microscopy (AFM) were consistent with no significant difference 
between different substrates. Yet, substrates such as grids and filters may have a 
considerable impact on the measurement uncertainties. Analysis of the Scanning 
Electron Microscopy (SEM) results suggested that using substrates with conductive 
coatings may have a significant negative impact on the measured Particle Number 
Size Distribution (PNSD) and if used, appropriate correction of the obtained data 
should be applied. The results suggest that if strict protocols for sample preparation 
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and measurement are followed, modern SEMs are reliable tools for offline size 
characterisation of ENPs. Transmission Electron Microscopy (TEM) results showed 
that the direct deposition of nanoparticles on grids is the optimum method of 
preparing the sample, as transferring the nanoparticles already deposited on 
polycarbonate membrane filters onto TEM grids was revealed to increase the 
measured size by up to 50%. Using different substrates (i.e., carbon-coated Formvar 
and pure carbon films on Cu grids), however, did not have a significant influence on 
measured PNSDs. The major outcome of this part of this PhD project was proposing 
protocols for the harmonised size characterisation of ENPs. 
Additionally, the existence of a general particle release trend for certain 
categories of materials from particular nanotechnology processes was investigated. It 
is believed that the existence of such a trend, if verified, would enhance our 
understanding of the workplace exposure and contribute to the future legislations in 
this area. The main requirements of such a task are comprehensive measurements 
with substantial number of experiments considering all influencing parameters, along 
with a novel method for data analysis. The focus of this part was to study the 
emission properties of synthetic clay nanoparticles during a jet milling process and to 
quantify the variations in these properties arising from particles size and surface 
treatment, as well as the feed rate of the milling machine. A broad range of materials 
were used in this study and Particle Mass Concentration (PMC) and Particle Number 
Concentration (PNC) of the emitted particles were measured at the emission source. 
Analysis of variance, followed by linear mixed-effects modelling, was applied to 
quantify the variations in PMC and PNC of the released particles caused by the 
abovementioned factors. The results confirmed that using materials of different size 
and surface treatment affects the release of the particles from the same process by 
causing statistically-significant variations in PMC and PNC. The results suggested 
that the interaction of these two factors should also be taken into account as it 
resulted in variations in the measured particles release properties. Furthermore, the 
feed rate of the milling machine was confirmed to be another influencing parameter, 
acting both as a separate factor, and in interaction with particles size. Although this 
research did not identify a general trend in the release of synthetic clay nanoparticles 
from the jet milling process, it emphasised the fact that each of the tested cases 
should be handled individually in terms of exposure considerations.  
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The findings from the second part together with the importance of ENPs size as 
one of their key emission characteristics led us to the third part of this study, where 
size distribution of the synthetic clay particles in a broad range emitted from the jet 
milling process was investigated, with a particular focus on nanoparticles (< 100 
nm). Initial analysis of the emitted particles size distribution data for both particles 
surface treatment and milling feed rate as the main influencing parameters showed 
that the majority of the emitted particles were relatively small (d < 300 nm). At the 
next step, The PNSD spectra were smoothed and replaced by multi-lognormal fits 
with a high level of accuracy. The identified modes, and more particularly the 
nanoparticle ones, were then compared in view of number, location, and their 
contribution to the particle emission from the process. The results confirmed the 
emission of nanoparticles during jet milling of all tested cases as their PNSD spectra 
had one or more modes in this size range. Moreover, in almost half of the tested 
cases, the emission from the process was dominated by nanoparticles. The results of 
the surface treatment experiment also verified the significance of this factor in the 
emission of the particles, showing that it caused considerable variations in PNSDs of 
the emitted particles. These variations, however, were not similar across the tested 
materials. In terms of the emitted particle size, the general implication of the result 
was that although applying the surface treatments led to the emission of smaller 
particles, not all tested materials were equally affected by this factor. On the other 
hand, and regarding the effect of surface treatment on the contribution of 
nanoparticles to the emission, no general trend was found in the tested materials. In 
the feed rate experiment, the results indicated that despite the increase in the size of 
the emitted nanoparticles due to reducing the machine feed rate, the overall 
contribution of these particles to the emission did not follow a similar trend in the 
tested materials. The findings of this part signified the importance of comprehensive 
size distribution measurements and analysis in shedding light on the emission 
behaviour of any types of ENPs from different nanotechnology processes to provide 
input into the workplace exposure assessment and its regulations. 
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Chapter 1: Introduction 
This chapter outlines the scientific problems investigated in this research 
(section 1.1), followed by the overall aims (section 1.2) and objectives (section 1.3) 
of the study. Finally, section 1.4 includes brief explanations of the scientific papers 
addressing the identified research problems. 
1.1 DESCTRIPTION OF THE SCIENTIFIC PROBLEMS 
Due to the rapid growth of nanotechnology over the last two decades, an 
increasing number of people have been exposed to various types of nanotechnology-
related products, activities, and processes in different environments. Airborne 
nanoparticles, either engineered for specific purposes (ENPs) or incidentally emitted 
during different activities/processes, are one of the most common types of these 
products that people are exposed to, particularly at workplaces. Although there have 
been numerous published studies on the exposure and toxicity of ENPs, their adverse 
effects on human health have not been fully understood. The pre-requisite to 
overcome this problem is the comprehensive characterisation of ENPs, including the 
standardised and traceable measurement of their physical and chemical properties, 
followed by an appropriate analysis of the obtained data. 
Since the size of ENPs is believed to have a strong impact on their deposition 
in the respiratory tract, an accurate characterisation of this parameter is of crucial 
importance. There have been several inter-laboratory studies aiming to compare 
online and offline particle size measurement techniques. These studies suffered from 
a range of deficiencies including unknown measurement accuracy due to the lack of 
sampling and measurement standards, and the absence of harmonised procedures for 
calibration of the instruments and treatment of the data. Thus, an urgent need exists 
for proposing a harmonised measurement procedure for the traceable size 
characterisation of ENPs. 
Deriving a general particle release trend for certain categories of nanomaterials 
from certain types of processes is of great importance to our understanding of the 
workplace exposure and would contribute to future legislations in this area. So far, 
most of the studies on the release of ENPs have been limited to answering the 
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question whether airborne particles could be released from a particular 
activity/process. There has not been a significant attempt to verify if a general trend 
exists in the release of ENPs from different nanotechnology processes. The main 
requirements of such a task are comprehensive measurements with substantial 
number of experiments considering all influencing parameters, along with a novel 
method to analyse and interpret the obtained data. 
Particle number size distribution (PNSD) can be used as a key parameter to 
infer the emission characteristics of ENPs from nanotechnology processes. 
Nevertheless, because a thorough analysis and interpretation of PNSD data is a 
challenging task, there is not enough quantitative information on the emitted ENPs 
size distribution at nanotechnology workplaces. Therefore, an in-depth analysis of 
PNSD data to: a) determine the contribution of different size ranges of ENPs to their 
emission from a certain process, and b) find out the driving factors influencing the 
size distribution, particularly for nanoparticles, is of paramount importance. 
This thesis reports on some novel and crucial findings to address the 
abovementioned issues, which will consequently result in improving the quantitative 
characterisation of ENPs and giving further insight into their behaviour and fate, as 
well as the impacts on human health and environment. 
1.2 OVERAL AIMS  
In view of the research problems identified and discussed in the previous 
section, the following major aims were set out to be achieved in this study: 
1) To develop a standard protocol for aerosolisation and sampling of 
ENPs 
2) To propose a harmonised measurement procedure for traceable size 
characterisation of ENPs 
3) To investigate the existence of a general trend in the emission of ENPs 
from certain nanotechnology processes considering particles properties 
and operational parameters 
4) To determine the driving factors influencing the size distribution of 
emitted ENPs from nanotechnology activities through an appropriate 
analysis of PNSD data 
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1.3 SPECIFIC OBJECTIVES  
The specific objectives to achieve the aims of the study were to: 
 Aerosolise SiO2 nanoparticles and validate the online PNSD 
measurement results by an inter-laboratory comparison of the 
Scanning Mobility Particle Sizer (SMPS) data 
 Collect the SMPS-controlled aerosolised SiO2 nanoparticles via 
electrostatic precipitation and filtration on appropriate supports for 
further analysis using Transmission Electron Microscope (TEM), 
Scanning Electron Microscope (SEM), and Atomic Force 
Microscope (AFM) 
 Compare the key properties of the offline PNSDs obtained by the 
abovementioned techniques  
 Quantify the variations in particle number concentration (PNC) and 
particle mass concentration (PM2.5) of synthetic clay nanoparticles 
from the jet milling machine due to different particle sizes and 
surface treatments, as well as the feed rate of the machine 
 Examine the significance of the abovementioned parameters, both 
separately and in interaction with one other, on the emission 
behaviour (i.e., PM2.5 and PNC) of synthetic clay nanoparticles 
 Determine the contribution of different size ranges to the total size 
distribution of the emitted airborne particles from the jet milling 
process 
 Apply the parameterisation method to analyse and interpret the size 
spectra of the emitted synthetic clay nanoparticles 
 Establish the extent to which the size distribution of the emitted 
particles, in both sub and super-micrometre range, is influenced by 
particle surface treatment and feed rate of the jet milling machine 
 Assess whether the effect of surface treatment on size distribution is 
similar across different materials 
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1.4 ACCOUNT OF THE SCIENTIFIC PROGRESS LINKING THE 
SCIENTIFIC PAPERS 
In this section, three scientific papers are briefly summarised as the major 
constituents of the thesis. In the first paper, a method  for standardised aerosolisation 
of spherical SiO2 nanoparticles followed by an inter-laboratory comparison of online 
and offline size measurement techniques was described aiming to propose a 
harmonised size characterisation procedure for ENPs. Two different SiO2 aerosols 
with one and two nanoparticle population(s) (monomodal and bimodal PNSDs, 
respectively) were used. The online measurement results obtained by SMPS in five 
laboratories were in good agreement within the measurement uncertainties for both 
aerosols, which validated the proposed measurement procedure. For the offline 
measurement, different instruments as well as different sampling techniques and 
substrates were investigated. The inter-laboratory results for AFM were consistent 
with no significant difference between different substrates. Yet, substrates such as 
grids and filters may have a considerable impact on the measurement uncertainties. 
The standard deviations of the obtained PNSDs for both aerosols were in the range of 
3-9 nm. Analysis of the SEM results suggested that using substrates with conductive 
coatings might have a significant negative impact on the measured PNSD and if 
used, appropriate correction of the obtained data should be applied. The standard 
deviations of the PNSDs reported by the participating laboratories were in the range 
of 4-9 nm for both aerosols. The results suggest that if strict protocols for sample 
preparation and measurement are followed, modern SEMs are reliable tools for 
offline size characterisation of ENPs. TEM results showed that the direct deposition 
of nanoparticles on grids is the optimum method of preparing the sample, as 
transferring the nanoparticles already deposited on polycarbonate membrane filters 
onto TEM grids was shown to increase the measured size by up to 50%. Using 
different substrates (i.e., carbon-coated Formvar and pure carbon films on Cu grids), 
however, did not have a significant influence on measured PNSDs. The standard 
deviations of the PNSDs obtained by TEM were similar to those of other two offline 
methods (i.e., 2-9 nm). The major outcome of this paper was proposing a harmonised 
protocol for size characterisation of spherical ENPs. 
Investigating the existence of a general particle release trend for certain 
categories of materials from particular types of nanotechnology processes is of 
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significant importance to our understanding of the workplace exposure and would 
contribute to the future legislations in this area. The main requirements of such a 
task, which was carried out in the second paper, are comprehensive measurements 
with substantial number of experiments considering all influencing parameters, along 
with a novel method for data analysis. The focus of this paper was to study the 
emission properties of synthetic clay nanoparticles during a jet milling process and to 
quantify the variations in these properties arising from particle size and surface 
treatment, as well as the feed rate of the milling machine. A broad range of materials 
were used in this study and PM2.5 and PNC of the emitted particles were measured at 
the emission source. Analysis of variance, followed by linear mixed-effects 
modelling, was applied to quantify the variations in PM2.5 and PNC of the released 
particles caused by the abovementioned factors. The results confirmed that using 
materials of different size and surface treatment affects the release of the particles 
from the same process and results in statistically-significant variations in PM2.5 and 
PNC. The results suggested that the interaction of these two factors should also be 
taken into account as it resulted in variations in the measured particles release 
properties. Furthermore, the feed rate of the milling machine was confirmed to be 
another influencing parameter, acting both as a separate factor, and in interaction 
with particles size. This research did not identify a general trend in the release of 
synthetic clay nanoparticles from the jet milling process and concluded that each of 
the tested cases should be handled individually in terms of exposure considerations.  
The results of the second paper showed that emission of particles from an 
identical nanotechnology process is affected by different factors, including the 
inherent properties of the particles such as size and surface treatment, and operational 
parameters. These findings necessitated a more in-depth investigation in order to 
achieve a better understanding of ENPs emission behaviour from nanotechnology 
processes. In particular, studying the size of the emitted particles is of a high priority 
due to the significant role of this parameter in the fate of the airborne particles in 
different environments. Therefore, the aim of the third paper was to investigate the 
size distribution of the synthetic clay particles in a broad range emitted from the jet 
milling process, with a particular focus on nanoparticles (< 100 nm). The suite of 
instruments included a SMPS for measurements of submicrometer and nanoparticles 
and an OPC for supermicrometer particles. The initial assessment of the OPC and 
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SMPS data for both particles surface treatment and milling feed rate as the main 
influencing parameters indicated that the majority of the emitted particles were 
relatively small (d < 300 nm). The PNSD spectra were smoothed and replaced by 
multi-lognormal fits with a high level of accuracy. The identified modes, and more 
particularly the nanoparticle ones, were then compared in view of number, location, 
and their contribution to the particle emission from the process. The results 
confirmed the emission of nanoparticles during jet milling of all tested cases as their 
PNSD spectra had one or more modes in this range. Moreover, in almost half of the 
tested cases, the majority of the emitted particles belonged to nanoparticles. The 
results of the surface treatment experiment also verified the significance of this factor 
in the emission of the particles, showing that it caused considerable variations in 
PNSDs of the emitted particles. These variations, however, were not similar across 
the tested materials. In terms of the emitted particle size, the general implication of 
the result was that although applying the surface treatments led to the emission of 
smaller particles, not all tested materials were equally affected by this factor. On the 
other hand, and regarding the effect of surface treatment on the contribution of 
nanoparticles to the emission, no general trend was found in the tested materials. In 
the feed rate experiment, the results indicated that despite the increase in the size of 
the emitted nanoparticles due to reducing the machine feed rate, the overall 
contribution of these particles to the emission did not follow a similar trend in the 
tested materials. The findings of third paper signified the importance of 
comprehensive size distribution measurements and analysis in understanding the 
emission behaviour of any types of ENPs from different nanotechnology processes in 
order to provide input into the workplace exposure assessment and its regulations. 
Overall, this thesis contributed to the existing knowledge on characterisation of 
ENPs on both laboratory and workplace scale. In the area of laboratory studies, a 
harmonised and traceable protocol for aerosolisation, sampling and measurement 
(both online and offline) for size characterisation of spherical ENPs was proposed. 
On the other hand and regarding the workplace aerosol characterisation, the emission 
behaviour of a certain class of particles from a common nanotechnology process was 
inferred by determining and quantifying the effects of influencing parameters, aiming 
to assess and emission trend generalisable to other similar settings. 
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Chapter 2: Literature Review 
2.1 INTRODUCTION 
Nanotechnology has been one of the fastest-growing fields of science and 
industry since the beginning of the 21st century with its increasing contribution to 
improvement of a very wide range of products. There are three stages defined in 
nanotechnology value chain. These stages are raw materials, primary products or 
intermediate products, and finally the secondary or nano-enabled products [1]. Table 
2.1 contains more details about these stages. 
 
Stages Top classes Income in 
 2009 
Expected income
in 2015 
        Stage I  ceramic nanoparticles, carbon nanotubes 
 (CNTs), nano porous materials, rapheme,
 metal nanoparticles, nanoscale  
 encapsulation, fullerenes, dendrimers,  
  nanowires, and quantum dots [2] 
$ 1 billion [3] $ 3 trillion [4, 5] 
        Stage II 
 Nano-intermediates 
 coatings, composites, catalysts, 
 drug-delivery systems, energy storage, 
 sensors, displays, memory, solar cells, 
 and filters [2] 
$ 29 billion [3] $ 480 billion [6, 7]
       Stage III 
   Nano-enabled  
      products 
 automotive products, buildings and 
 construction, consumer electronics, 
 personal care, marine, aerospace, 
 sporting goods, food and agriculture, 
 industrial equipment, and textiles [2] 
$ 224 billion [3] $ 2 trillion [2, 3, 8]
Table 2.1. Current and future status of nanotechnology market 
 
According to Table 2.1, nanotechnology products have already established a 
huge market with the potential of much further development in near future. However, 
it has been also realised that these products might be hazardous for both human 
health and environment. To enable assessment of the effects of these products, they 
have to be classified and characterised thoroughly. This requires identification of 
their key characteristic and development of well-established standards and protocols, 
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followed by the application of appropriate instruments and techniques for 
measurement, modelling, and analysis. Despite the efforts made by researchers, there 
are many issues and concerns yet to be addressed. This study aims to contribute to 
the current knowledge in this field with the focus on quantitative assessment and 
characterisation methods of engineered nanoparticles.  
2.2 ENGINEERED NANOPARTICLES: DEFINITION 
As yet, there has not been an entirely-agreed-upon definition for nanoparticles 
(also referred to as ultrafine particles) [9, 10], known as one of the key components 
of nanotechnology. For instance, the British Standard Institution (BSI) defines a 
nanoparticle as a nanomaterials (or nano-object) with all three external dimensions in 
the range of 1-100 nm [11]. However, this definition disregards the issue of size 
distribution as particles of very small dimensions (i.e., a few nanometres) might 
behave differently from particles with dimensions of 100 nm. Therefore, in 2004, the 
International Standard Organisation (ISO) defined a nanoparticle as “A particle with 
sufficiently small diameter for physical and chemical properties to differ measurably 
from those of the bulk material. A nominal but not exclusive upper diameter for 
nanoparticles is 40 nm” [12]. In another definition proposed by the German MAK 
(Maximale Arbeitsplatzkonzentration Kommision), the issue of particle 
agglomeration (to be discussed further in Section 2.5) was also taken into account. In 
this definition, a diffusion-equivalent-diameter of less than 100 nm is proposed for 
nanoparticles and also the primary particles of their agglomerates/aggregates [13].  
2.3 SOURCES OF NANOPARTICLES 
According to their origin, nanoparticles can be classified into two categories of 
natural and anthropogenic [14-16]. The natural sources include atmospheric new 
particle formation, volcanic eruptions, and forest fires [17]. On the other hand, 
anthropogenic nanoparticles are divided into two main categories: 
 Engineered nanoparticles (ENPs) 
 Incidental or unwanted nanoparticles derived from activities/processes 
such as combustion, chemical manufacturing, cooking, welding, etc [18]. 
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Unlike the naturally-occurring nanoparticles, ENPs such as carbon nanotubes, 
metal and metal oxide nanoparticles, and quantum dots are manufactured and applied 
due to their novel properties.  
2.4 CLASSIFICATION OF ENGINEERED NANOPARTICLES 
Nanoparticles can be classified based on different parameters including 
dimensionality, morphology, chemical composition, agglomeration, and uniformity 
[17]. It is mainly because they can exist in various shapes and morphologies (e.g., 
spherical, tubular, irregularly-shaped, flat), and forms (dispersed, 
suspensions/colloids, aggregated or agglomerated) [14]. They can also be composed 
of single (synthesised) or multiple materials (composites of agglomerated materials 
found in nature) [18]. Jorter and Rao [19] classified ENPs into four main categories 
based on their morphology, primary material, and applications. Table 2 lists these 
categories and some of their properties: 
 
Nanomaterials   Properties 
Nanotubes  -  Carbon nanotube (CNT) 
 -  Tubular structure 
 -  Very large aspect ratio 
 -  High tensile strength, conductivity, surface area, improved electronic 
    properties 
  -  Some applications are polymer composites, batteries, and super capacitors 
Nanowires  -  Semi conducting nanoparticles 
 -  Single crystal structure 
 -  Large aspect ratio 
 -  Used as interconnectors for electron transport in nano-electronic devices 
Quantum dots  -  Neither a solid nor molecular structure 
 -  Novel electronic, optical, magnetic and catalytic properties 
Other nanoparticles  -  Including ceramic oxides, carbon black, and metals 
 -  Produced in large quantities 
                Table 2.2. Engineered nanoparticles classified based on their morphology, primary 
materials, and applications [9] 
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In a more recent classification by the U.S. Environmental Protection Agency 
(EPA) based on composition, ENPs fall into the following four classes [20]: 
2.4.1 Carbon-based materials 
 Two very commonly-used examples are fullerenes (spherical and ellipsoidal 
shapes) and nanotubes. The simplest structure of nanotubes, known as single-wall 
carbon nanobutes (SWCNT), has only one layer of carbon atoms arranged in a 
cylinder whilst multi-walled structure (MWCNT) is comprised of several concentric 
tubes. These nanoparticles have a variety of applications in different industries 
including electronics and improved coatings due to their superior conductivity and 
mechanical properties. Figure 2.1 shows the structures of these nanomaterials.  
 
 
Figure 2.1. Structure of fullerene (A) [21], SWCNT (B), and MWCNT (C) [22] 
 
2.4.2 Metal-based materials 
 Quantum dots (referred to in Table 2.2) belong to this class of nanoparticles as 
well as nanogold (organic photovoltaics, electronic conductors and catalysis, and 
therapeutic agents), nanosilver (medical products, clothing, and aerospace), 
nanoalumina (shampoos and detergents), and metal oxide nanoparticles such as 
titanium oxides (sunscreens, window panes, and ceramic tiles), iron oxide (some 
lipsticks), and zinc oxide (sunscreens). 
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Figure 2.2. Schematic structure of quantum dots [23] 
 
2.4.3 Dendrimers 
These nanosized polymers are very useful for catalysis and also drug delivery 
purposes due to their versatility in performing specific chemical functions. This 
ability stems from the numerous chain ends on their surface. Figure 2.3 illustrates a 
schematic of a dendrimer polymer with the blue sphere representing the core 
molecule and the green spheres as the monomer units. 
 
 
Figure 2.3. Example of a dendrimer polymer [24] 
 
2.4.4 Composites 
This type of materials is manufactured by combining nanoparticles with other 
nanoparticles or with bulk materials to obtain different enhanced properties. A good 
example is nanoclays being used in a broad range of products including paints, 
cosmetics, packaging materials, and auto parts [20]. Figure 2.4 shows the structure of 
 Chapter 2: Literature Review 12 
a composite in which Platinum nanoparticles are adhered to graphene to avoid the 
loss of surface area advantages due to aggregation of graphene sheets. 
 
 
Figure 2.4. A Platinum nanoparticles-graphene composite [25] 
 
2.5 KINETICS OF NANOPARTICLES 
Depending on their size, airborne particles behaviour is governed by inertial, 
gravitational, and diffusional forces [9]. Whilst inertial and gravitational forces are of 
more significance for large particles (micrometre-sized), in the nanometre range, 
particles are more affected by diffusional forces and diffuse in high velocities (also 
referred to as “Brownian motion”) [21]. As the particle size decreases, this 
dominance gets more potent. 
As a consequence of diffusion, the particles collide with one another and the 
agglomerates are formed. According to the definition proposed by ISO, agglomerate 
is a group of particles held together rather loosely by week forces such as Van der 
Waals, electrostatic, and surface tension, which may break up under certain 
circumstances. This definition clarifies the difference between agglomerate and 
aggregate, as the latter is a heterogeneous particle, in which the various components 
are not easily broken apart [12]. The rate of agglomeration depends on the 
concentration of particles and their mobility.  
As the size of the particles grows due to agglomeration (the process also 
known as “coagulation”), the chance of particles getting removed from the 
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atmosphere through deposition on surfaces such as floors and walls also increases. 
The rate of deposition on horizontal surfaces is a function of the gravitational settling 
velocity of the particle, which is in term dependant on particle size. Therefore, the 
gravitational deposition of airborne nanoparticles is insignificant and they can remain 
airborne for a longer duration. Once the particles adhere to one another 
(agglomerate) or to a surface (deposit), it is difficult to detach and “re-suspend” 
them. The smaller the particles are, the more difficult it is to re-suspend them as the 
Van der Waals force that keeps them agglomerated or attached to a surface is 
inversely proportional to particle size. Some other factors that influence re-
suspension of particles are shape, charge, and moisture content of particles [9]. 
2.6 METHODS OF GENERATING ENGINEERED NANOPARTICLES 
The most common methods of generating ENPs for research and industrial 
purposes are gas phase processes, liquid phase methods, and mechanical processes. 
The properties that each group of methods offers vary and selection of the 
appropriate method is based on these unique parameters including size, purity, or 
surface properties, as discussed in the following sections. 
2.6.1 Gas phase methods 
These methods mostly rely on nucleation of a super-saturated vapour, followed 
by particle growth due to condensation and coagulation. High level of purity, high 
production rate, and well-controlled particle morphology and size are the key 
advantages of this group of methods. They are proved to be the most suitable 
methods for generating single-component particles [22]. Table 2.3 contains the most 
commonly used gas phase methods and their important features. 
  Methods    Features Literature reported
using this method
  
Furnace 
generators 
 
  -  Material heated in a tubular flow reactor at atmospheric 
     Pressure, followed by a stream of gas carrying the vapours away 
  -  Noble metals, semi-conductors, etc 
  -  Size and morphology are controlled by residence time and 
     cooling rate. 
  -  Drawbacks are irregular morphology for sizes large than a few 
     tens of nanometre and being applicable only to materials with 
     lower melting point than the material used for the inner walls 
     of the furnace.  
 
[23-28] 
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Glowing-wire
generator 
 
  -  Material is evaporated by passing a high current through a  
     conductive wire, and is then quenched by a gas stream. 
  -   Metallic particles 
 -  Only the material is heated. No hot surfaces and therefore a very  
     high level of purity 
 -   Ideal for mobility classification, since a significant fraction of  
     generated particles is self-charged. 
  -   High particle concentration 
  -   Application is restricted to those with small required amount 
     of  produced material such as gas sensors due to the low  
     production rate. 
 
 
[29-32] 
Discharge 
generator 
-  Used for production of carbon, metal, and metal oxide  
nanoparticles 
  -  Advantages are high purity, low cost, possibility of scaling up by 
    using parallel sparks, and ideal for mixing materials due to very  
    fast quenching. 
-  The process consists of gas breakdown and formation of plasma 
channel, followed by rapid discharge and evaporation of  
 electrode material in vicinity of spark, and finally cooling down. 
-  Particle size can be controlled by adjusting the capacitance and  
the distance between electrodes, and mass is controlled by the  
    frequency of sparks. 
 
[33-37] 
   
Flame 
synthesis 
 -  Used to produce carbon black, ceramic, metal oxides, and alloy 
    nanoparticles 
  -  Can be classified as vapour or liquid-fed 
 -  The nanoparticles are generated through the combustion of  
vapour or liquid precursors during the fast temperature up to  
2500 K in the flame. 
 -  Advantages are high production rate and low cost. 
 -  Drawbacks are formation of aggregates and difficulty in  
    synthesis of multi-component nanoparticles. 
 
 
          [38-41] 
Plasma 
synthesis 
   
  -  Broadly divided to hot and cold plasma 
 -  Hot plasma has a very high production rate and due to the high 
    temperature (up to several thousands of Kelvin), it is possible to  
    use different feed stocks. 
  -  Because of sintering, larger nanoparticles are produced compared 
     to cold plasma. 
  -  Disadvantages are the need for a high gas flow and high energy 
    consumption. 
 -  Cold plasma works with vapour precursors in 400-750 K of  
      temperature and is also very energy efficient. 
 -  Ideal for coating of nanoparticles in the aerosol phase 
  -  Smaller primary particle size due to the low temperature, which 
      reduces sintering 
  -  Disadvantages: Expensive feed stocks and low production rates 
 
 
[42-46] 
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Laser 
ablation 
            
  -  Due to the interaction of laser beam and target material in an  
     ablation chamber, the surface temperature exceeds its boiling- 
    point and vapour is formed, which is carried out of chamber by a  
    gas flow. 
-  Nanoparticles of different metal oxides can be generated. 
-  Production rate is in the range of 100 ng per pulse. 
-  Particle number concentration, size, and morphology can be  
   controlled by altering the flow rate, pulse energy, and frequency. 
 
[47-50] 
Table 2.3. Gas phase methods for generating ENPs 
 
2.6.2 Liquid phase methods 
Atomising liquid solutions of materials is another way of generating aerosol 
nanoparticles. Various types of nanomaterials including metals, metal oxides, 
organics, and pharmaceuticals can be generated using these methods [9]. According 
to Hinds [51], these methods are classified into three groups based on the type of 
force they apply to the liquid. The most appropriate atomisation methods for 
generating nanoparticles are ultrasonic, pneumatic, and electrohydrodynamic [22]. 
Generally, the size of the generated particles depends on the solute concentration. 
Pneumatic atomisation (also known as nebulisation) relies on the “Bernoulli 
Effect”. In this method, the liquid is drawn from its reservoir due to the low pressure 
caused by a flow of pressurised air passing through an orifice and then it breaks up 
into small droplets. The generated particles are polydispersed and moderately 
charged [52]. This method has been used for various purposes, mostly calibrating 
instruments and inhalation studies [53]. The collison nebuliser is one of the most 
widely-used and well-established methods of pneumatic particle generation [54]. 
In ultrasonic atomisation the droplets are formed through ultrasonic vibration 
of air-liquid interface [55]. The frequency of these vibrations and physical properties 
of the solution determines the size of primary droplets. Although the generated 
particles by this method are much more monodispersed than pneumatic method, the 
low concentration and large size of the particles caused by the limitation for 
frequency increase are the major drawbacks of this method. 
Another method for producing nanoparticles from a solution is 
electrohydrodynamic atomisation or electrospraying. The working principle of this 
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technique relies on drawing a standard solution of the desired material through a 
capillary by applying a specific differential pressure and exerting a high voltage to 
the formed droplet at tip of the capillary. The droplet is dispersed due to the electrical 
field and gets mixed with a stream of the carrier gas [56, 57]. To avoid corona 
discharge, which prevents the proper control of the electrospray system [58], the 
carrier gas must have strong dielectric strength (CO2 for instance) [59]. Since the 
droplets are highly charged, they must be neutralised so that their size distribution 
can be measured [60]. This is done by a radioactive ioniser in the electrospray. The 
size of the generated particles can be controlled by adjusting the solution flow rate, 
applied voltage, and frequency. Some of the advantages of this method are 
monodispersity, small size (down to 2 nm), and self-dispersity of the generated 
particles due to their unipolar charge, which leads to the absence of coagulation. The 
low production rate of this method is considered to be its major drawback. However, 
there have been efforts to address this issue mostly by using multi-nozzle or slit-
nozzle systems [61-64]. The electrospray method has been used for generating 
different types of nanomaterials. Jayasinghe [65] reported the use of this method for 
generating nanotubes and Song [66] applied it for gold nanorods. There is also a 
large body of literature reporting the use of electrospray method for generating 
nanoparticles of various materials for different purposes. Jaworek and Sobczyk’s 
review [67] lists a substantial number of studies in this area. 
2.6.3 Mechanical processes 
Unlike the other discussed methods, nanoparticles are produced from larger 
particles in this group of methods [9]. Grinding and milling is one of the processes 
that have been used to produce nanosize particles [68-72]. In addition to this 
common method, dry dispersion of fine particles has also been studied as a 
contamination-free generation technique [73]. Schmoll [74] tested three different dry 
dispersion methods including small-scale powder disperser (SSPD), acoustic dry 
aerosol generator/elutriator (ADAGE), and fluidised bed aerosol generator (FBG) on 
particles with nano-range primary sizes. The major deficiency of these methods is 
their inability to produce particles in the primary sizes indicated by manufacturers. 
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2.7 KEY METRICS OF ENGINEERED NANOPARTICLES 
One of the main purposes of studying airborne engineered nanoparticles is to 
better understand their behaviour and fate in different environments and potential for 
human exposure. In order to achieve this goal, a thorough, accurate, and reproducible 
characterisation of these nanoparticles is essential [75-77]. The initial requirement 
for this task is to classify various ENPs based on their physiochemical properties. 
However, due to the diversity of these properties amongst ENPs, there is still 
disagreement on what is the minimum set of standard properties, necessary to 
categorise these particles. For instance, despite the fact that several physiochemical 
properties have been reported to influence ENPs toxicity [75, 78, 79], it has not been 
determined which particle metrics should be monitored for the best human health 
risk assessment [80]. Yet, the body of literature suggests that these key properties 
must be addressed in ENPs characterisation studies: size, surface characteristics 
(surface area, surface chemistry, and surface charge), shape, number concentration, 
state of dispersion, and chemical composition [75, 77, 81, 82]. 
2.7.1 Size 
In a very basic definition, particle size is the geometric diameter of the 
spherical particle with unit density, however, aerosol particles are very rarely 
spherical and exist in irregular shapes. Thus, a range of equivalent diameters have 
been defined, based on the different measurement techniques. The most commonly-
used equivalent diameters are aerodynamic, diffusive, optical, and electrical mobility 
diameter.  
Useful mainly for large particles (> 0.5 µm), aerodynamic diameter is defined 
as the diameter of a spherical particle with unit density and the same settling velocity 
as the measured particle. Optical diameter is also suitable for particles of this size 
range. However, for smaller particles, diffusion diameter is usually used, which is the 
diameter of a spherical particle with unit density and the same diffusion as the 
measured particle. Electrical mobility diameter is used for ultrafine particles (< 100 
nm) and is defined as the diameter of a spherical particle with unit density and the 
same electrical mobility as the measured particle [83]. 
ENPs size (primary, agglomerated or aggregated) is considered as a major 
driving factor in their fate in human respiratory tract in case of inhalation and also in 
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the environment [84]. Oberdörster et.al [85] reported that agglomerated TiO2 
particles showed more toxicity compared to single nanoparticles of the same 
aerodynamic size distribution. Some studies indicated that smaller particles are more 
toxic than larger particles of the same material [86, 87]. For instance, according to 
Maynard and Kuempel [88], particles in the nano size range have a high probability 
of penetrating to the alveolar regions in the lung and diffusing to the lung surface. In 
contrast, a comprehensive review by Safe Work Australia indicates that there is no 
persuasive evidence to support this theory [89]. 
2.7.2 Surface characteristics 
Surface area is the area of the material which is exposed to the environment 
and can be external (geometric surface area), as well as internal if the material is 
porous [77]. Compared with larger particles, nanoparticles have a much larger 
surface area per unit of mass that results in an increased surface energy and hence, 
biological reactivity [79]. This large surface area along with the small size facilitate 
transfer of nanoparticles to the blood stream [90], which eventually lead to 
translocation [88, 90-92] from the  bloodstream to cells, causing potential systemic 
health hazards [88, 92]. 
Another crucial surface characteristic of nanoparticles is surface chemistry, 
which is a function of atomic or molecular composition and the physical structure of 
the surface. It includes properties such as solubility, catalytic properties, surface 
charge, surface adsorption, and desorption of molecules from solution [77]. A good 
example for significance of surface chemistry is coating of the nanoparticles, which 
is done to prevent their agglomeration and aggregation. It is proved that coatings 
change the biological effects of nanoparticles [93, 94].  
Among surface chemistry properties of nanoparticle, surface charge is 
considered to be highly important, since it affects the dispersion characteristics of the 
nanoparticles and also changes their interaction with cells by influencing the 
adsorption of ions and biomolecules [77]. The effect of surface charge, either alone 
or along with other metrics such as size, on biological environments was the subject 
of some exposure studies [95-97]. 
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2.7.3 Shape 
Nanomaterials exist in various shapes and structures including spheres, 
needles, tubes, and plates [90], but according to Hentshel and Page [98], the 
definitions of many shape factors for nanomaterials with no definable shapes are not 
well standardised. Among the common shape factors, sphericity, aspect ratio, 
elongation, convexity, and fractal dimension are the most useful [99]. Toxicological 
studies show that shape may affect the kinetics of deposition and absorption of the 
nanomaterial in the body. Although toxicity might not be closely related to shape for 
some materials such as quartz [100], for some others including asbestos, silicosis, 
and carbon nanotube, it has been proved that shape is an important factor in toxicity 
[101-103]. 
2.7.4 Particle number concentration 
Particle number concentration (PNC) defined as the number of particles in a 
unit volume of air and has recently gained more acceptability compared to mass 
number concentration as a measure of particle concentration [104, 105]. This is 
mainly due to the fact that particle number concentration accounts for the nanosized 
particles as well, whose contribution is insignificant in particle mass concentration 
measurements. The importance of this metric has been emphasised by studies such as 
the one conducted by National Institute for Occupational Safety and Health in 2006 
[106], where it was proven that at sufficiently high concentrations, even less toxic 
particles such as TiO2 can cause pulmonary inflammation and fibrosis.  
2.7.5 State of dispersion 
The relative number of primary particles of a nanoparticle system in a 
suspending medium in comparison to agglomerates is referred to as the state of 
dispersion. As explained in Section 2.5, these agglomerates can be formed due to 
attractive inner particle forces (most importantly, Van der Waals forces), whose 
magnitude is a function of basic surface properties such as atomic and molecular 
properties of the surface atoms and surface morphology [99]. Another cause for 
agglomeration is binding of adsorbed molecules including polymers, proteins, and 
polysaccharides [77]. Some studies indicated that agglomeration affects 
nanoparticles interaction with biological environments (such as their penetration 
ability and translocation) and as shown by Gutwein and Webster [107], agglomerated 
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particles cause inflammatory response compared to smaller particles of the same 
material. 
2.7.6 Other important metrics 
The aforementioned metrics are believed to be the most crucial properties that 
need to be addressed in characterising ENPs, however, there are some other 
important metrics that have been suggested to be considered as well. 
The importance of the solubility has been stressed in several studies, as another 
crucial characterisation metric for ENPs [108-114]. According to these studies, the 
inhaled ENPs that remain longer in the lung due to their poor solubility cause 
oxidative stress leading to inflammation, fibrosis, or cancer.  
 Properties such as crystal structure and porosity are also among these 
significant metrics. For instance, the effect of crystal structure of TiO2 nanoparticles 
on their toxicity was evaluated in several studies including those published by Jiang 
et al. [76] and Braydich-Stolle et al. [115]. It was shown that the mechanism of cell 
death varies by crystal structure such that the 100% anatase TiO2 nanoparticles 
induced cell necrosis, while the rutille TiO2 nanoparticles initiated apoptosis through 
formation of reactive oxygen species (ROS). Furthermore, Yu and colleagues [116, 
117] suggested that the in vivo toxicity of silica nanoparticles is mainly influenced 
by their porosity along with their surface characteristics.  
2.8 MEASUREMENT AND CHARACTERISATION OF ENGINEERED 
NANOPARTICLES 
Due to the complex structures and compositions of ENPs, there is no single 
method capable of  measuring all their properties [79]. Therefore, a wide range of 
measurement equipment is required for an adequate characterisation of each type of 
ENPs. In this section, the most common instruments and methods used and reported 
in the literature for characterisation of ENPs are introduced. They are sorted 
according to the measured metrics.  
2.8.1 Particle size distribution 
As one of the key parameters in characterising ENPs, particle size distribution 
is usually depicted as a log-normal histogram with particle diameter on the abscissa 
and the quantity of particles in a given size class on the ordinate [99]. The quantity 
axis may represent any property, among which the relative number of particles, the 
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relative volume of the particles, and the calculated surface area of the particles are 
the most common [77]. 
Scanning Mobility Particle Sizer (SMPS) 
This is one of the most reliable real-time methods of measuring particle size 
distribution based on the measurement of electrical mobility diameter of the particles 
in the size range of 2.5-1000 nm. SMPS includes and electrostatic classifier (EC), 
where the particles are subjected to different voltages in an electrical field and are 
subsequently fractioned based on their electrical mobility. Each fraction is 
correspondent to a narrow size bin and a Condensation Particle Counter (CPC) is 
used to count the number of particles in each of these bins. Figure 2.5 depicts 
schematic of a SMPS setup including an EC manufactured by TSI. 
 
 
Figure 2.5. Components of a SMPS setup [118] 
 
Fast Mobility Particle Sizers (FMPS)  
The fastest scanning speed of SMPS is approximately 3 minutes, which is 
suitable provided that the process being monitored does not change within this 
timescale. Where size distributions may vary over the space of seconds in time, 
FMPS is the suitable choice with the time resolution of 1 second [118]. Unlike SMPS 
that has a CPC to count the classified particles, FMPS is equipped with multiple 
electrometers for particle detection [118-124]. 
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Electrical Low Pressure Impactor (ELPI™) 
The instrument is used for real-time measurement of particle number 
concentration and size distribution in the range of 6-7 nm to 10 µm. Mass 
concentration can also be calculated if particle shape and density are known. The 
operating principle is comprised of three major stages: particle charging in a unipolar 
corona charger, size classification in a cascade impactor, and electrical detection with 
sensitive electrometers. Because particles tend to de-agglomerate with increasing 
pressure difference across an orifice, low-pressure impactors may lead to significant 
artificial change of the particle size distribution in the measuring device. Particles are 
collected on filters that can be analysed gravimetrically or chemically [118, 125, 
126]. 
As previously stated, single ENPs may coagulate and form much larger 
agglomerates with sizes up to several micrometres. Extending the size distribution 
measurement to this range provides a better outlook on the agglomeration behaviour 
of different types of ENPs. Two very common instruments appropriate for this 
purpose are:  
Optical Particle Counter (OPC) 
Commercial OPCs are commonly used for the real-time measurement of 
particles with low concentrations (clean room or ambient air), as well as high 
concentration (industrial environments) up to 1×107 p/cm3. The smallest lower size 
cut reported in the literature is 100 nm optical equivalent diameter [127]. The 
instrument relies on illuminating the aerosol beam using either laser or white light, 
followed by using a photodetector to measure the light elastically scattered off the 
particles by reflection, refraction, and diffraction. An example of the laser-based 
OPC is Model 1.109 (Grim Aerosol Technik), which has a wide light collection 
angle and is mostly suitable for low-concentration ambient measurement. However, 
it may also be used for industrial monitoring. WELAS 2100, developed by Pallas, is 
a white light-based OPC with a 90° scattering angle and is suitable for high-
concentration industrial and laboratory measurements. Calibration of OPC depends 
on refractive index (absorption of light within particle), particle shape, and mixing 
type of the sampled aerosol [127]. The main advantage of white light over laser in 
OPC is that it minimises or eliminates the oscillations in the calibration curve [128]. 
Based on the intensity of the flash, particles can be counted and sized at the same 
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time [129, 130]. The most recent designs have been claimed to be capable of 
measuring size distribution in very low concentrations of aerosol [131] and also 
classifying aerosol types using polarisation information from particle-scattered light 
[132].  
Aerodynamic Particle Sizer (APS) 
This instrument is similar to OPC in terms of particle detection range, however, 
it does not rely on light scattering to measure size distribution. It measures the 
aerodynamic diameter of the particles (Time-of-Flight measurement) and their 
relative light scattering intensity as a separate parameter. The latter can then be used 
to obtain additional information regarding the particles chemical composition [122, 
133].  
2.8.2 Particle surface area 
Diffusion Charger 
This instrument measures the active surface area of particles in real-time. 
Diffusion charging of sampled particles is followed by detection of charged particles 
using an electrometer [126, 134, 135]. 
Nanoparticle Surface Area Monitor (NSAM) 
 The instrument is used for the real-time measurement of the lung-deposited 
surface area of particles smaller than 1000 nm by diffusion charging of sampled 
particles followed by detection of charged aerosol using electrometer. The most 
accurate reported results are in the size range of 20-400 nm [90, 124, 135-137]. 
Epiphaniometer 
This instrument is used to measure the active particle surface area of 
nanoparticles, also called the “Fuchs” surface area directly by passing them through a 
charging chamber, where lead isotopes created from a decaying actinium source are 
attached to the particle surface. The particles are transported through a capillary to a 
collecting filter. The amount of radioactivity measured is proportional to the particle 
surface area [138, 139]. The latest design, called as the cascade epiphaniometer, is 
capable of measuring the Fuchs surface area size distribution, especially in cases of 
low aerosol concentration [140]. This method is not suitable for workplace 
measurement due to the inclusion of radioactive source. 
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2.8.3 Particle shape 
As stated earlier, ENPs may exist in different shapes. Therefore, and similar to 
particle number size distribution (PNSD), there exists particle number shape 
distribution as well. Microscopy is a powerful tool in obtaining information 
regarding shape and morphology of ENPs. Transmission Electron Microscope 
(TEM) and Scanning Electron Microscope (SEM) are the most common instruments 
used for the offline analysis of ENPs shape, morphology, and size.  
TEM 
 The transmission electron microscope uses a high energy electron beam 
transmitted through a very thin sample. The electrons are focused with 
electromagnetic lenses and the image is observed on a fluorescent screen or recorded 
on film or digital camera. The electrons are accelerated at several hundred kV, giving 
wavelengths much smaller than that of light. However, whereas the resolution of the 
optical microscope is limited by the wavelength of light, that of the electron 
microscope is limited by aberrations inherent in electromagnetic lenses, to about 1-2 
Å [120, 134, 141-145]. 
SEM 
 Similar to TEM, SEM is equipped with an electron gun to produce the electron 
beam and the generated signal is focused on the specimen. While the transmitted 
beam can be directly observed on the fluorescent screen in TEM due to the thin 
specimen, in SEM, the specimen is thick and the signals have to pass through a 
detector [125, 146]. 
In order to provide a statistically-valid representation of the shape (or size) 
distribution using microscopy methods, it is absolutely essential to examine enough 
particles (even thousands), which makes these methods very difficult and time-
consuming and generally impractical for large number of particles. Although many 
image processing softwares have been developed for this purpose, they should 
always be validated with the standardised materials prior to use. Other challenges of 
using microscopy methods for characterisation of particles shape are:  
 Extreme care must be taken with sample preparation in order to capture 
high-quality images. 
 Two-dimensional imaging might result in bias due to orientation effects. 
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 Quantification of particles shape data is not very straight-forward as the 
definitions have not been well standardised [77].  
2.8.4 Particle Number Concentration (PNC) 
The major challenge to overcome in the real-time counting of ultrafine 
particles is that they are too small to be detected by conventional optics. Therefore, 
they need to be grown to a size to be detected. Condensation techniques have been 
used for this purpose to increase the particles size by condensing vapour on their 
surface leading to their growth. These particles can then be detected using light 
scattering techniques. 
Condensation Particle Counter (CPC) 
 Among the instruments which have evolved on the condensation technique, 
CPC is capable of measuring PNC of ultrafine particles in both indoor and outdoor 
environments. Depending on the specific device, CPCs can detect particles as small 3 
nm to few micrometres. The working principle of this instrument includes three 
major steps: 1) supersaturation of the working fluid ; 2) condensation of the vapour 
on the particle surface; and finally 3) detection of particles using optical methods 
[21]. Conventional CPCs use water or Butanol as the working fluid. In the Butanol-
based CPCs, the region where saturation occurs (conditioner region) is heated and 
the condensation (growth) region is cooler. On the contrary, water-based CPCs have 
cool conditioner region and hot condensation part, which is mainly due to very high 
vapour diffusivity of water. Figure 2.6 is a schematic of different parts of TSI 3010 
as an example for Butanol-based CPC. 
As can be seen in the above examples, the detection region in CPCs consists of 
a light source and a photodetector. New CPCs are capable of counting individual 
particles (counting mode), as well as determining the number concentration using the 
total light scattering intensity (total intensity mode). Although the counting mode 
offers high measurement accuracy, it is only applicable to low number 
concentrations (<1×104 particles/cm3).  
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Figure 2.6. Schematic of TSI 3010 Butanol-based CPC [146] 
 
Nano Tracer 
 Real-time personal or area monitoring of particle number and average particle 
diameter in size range of 10 to 300 nm are the metric measured by this instrument. 
The operation relies on diffusion charging and the instrument is suitable for both 
indoor and outdoor measurements  [123],[147], [148]. 
2.8.5 Particle Mass Concentration (PMC) 
Photometer 
 This instrument is used to characterise mass concentration of engineered 
nanoparticles, in particular the agglomeration phase of the particles and relies on 
light scattering principle. Particles scatter light in the scattering chamber where it is 
converted into an electrical signal by the photomultiplier tube. Measurement 
accuracy is reduced where the optical properties of the aerosol differs markedly to 
that of the particle used to calibrate the instrument [118, 145, 149]. 
Mass-to-charge ratio can also be measured as an intrinsic property of the 
particle. The manufactured instruments to measure this metric usually consist of two 
concentric rotating cylinders with a variable voltage between them. Particles with 
selected mass-to-charge ratio flow through the classifier due to the balance between 
centrifugal and electrostatic forces. Two examples of these instruments are the 
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Centrifugal Particle Mass Analyser (CMPA) by CAMBUSTION and Aerosol 
Particle Mass Analyser (APM) by KANOMAX. 
2.8.6 Chemical analysis of particles 
As mentioned earlier, both physical and chemical properties of ENPs 
determine their impact on human health and environment. Therefore, parallel to 
physical characterisation, ENPs must undergo comprehensive chemical analyses. 
The measurement methods fall into two main categories of offline and online 
methods. 
Offline methods 
 These methods include collection of particles on different substrates followed 
by various chemical analysis techniques conducted in the laboratory. The most 
common sampling/collection techniques used for the offline analysis of ENPs are: 
filters, impactors, and electrostatic precipitation. 
The main advantage of filters is that they are relatively inexpensive and simple 
to use, however, there are certain drawback associated with them as well. A major 
problem with regards to collecting ENPs on filters is that the chemical composition 
of collected particles can be altered due to different factors such as volatilisation, 
adsorption of unstable components, aggregation, etc [139]. Furthermore, no 
information can be obtained about the size of individual particle and continuous 
maintenance and replacement is required when filters are used. 
Impactors have certain advantages over filters, among which the most 
important is the size-selective collection of ENPs that facilitates the chemical 
characterisation of individual particles. Other advantages are high sampling rate, ease 
of use, and compatibility with conventional analytical methods [150]. The most 
widely-used impactor is the micro-orifice uniform deposit impactor (MOUDI) that 
can collect particles down to 10 nm [151]. Another type of impactor is ELPI, which 
was discussed in Section 2.8.1. According to Furuuchi et al. [150], the most 
important disadvantages of impactors are the bouncing of the particles off the 
substrate and the relatively high pressure drop. 
As another sampling technique, electrostatic precipitation is favoured over 
other two for avoiding the contamination of sampled flow by larger particles due to 
the exclusion of particles outside a chosen mobility range [152]. This method offers a 
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very wide particle size range, relatively high sample rate, and low pressure drop 
[139]. The ideal precipitator would achieve 100% uniform deposition of the particles 
onto the sampling medium.  Increasing the charge of the instrument increases the 
deposition of larger particles and increasing the flow decreases the residence time of 
the particles in the device, thereby decreasing sampling efficiency for larger particles 
[153].   Therefore, knowledge of the likely particle charge and size will assist with 
choosing an appropriate flow rate and voltage so as to maximise particle capture and 
deposition.  Nevertheless, such information is commonly not known for the aerosol 
of interest. 
Once the ENPs are collected on the substrate, chemical analyses can be done 
using different methods. A TEM equipped with an energy-dispersive X-ray (EDX) 
spectrometer is capable of detecting the elemental composition of the single 
deposited particle. Figure 2.7 is and EDX spectrum corresponding to a concrete 
nanoparticle.  
 
 
Figure 2.7. Elemental composition of a concrete nanoparticle determined by EDX 
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Online methods 
 Among the handful of available techniques for online (also referred to as in-
situ and real-time) chemical characterisation of aerosol particles, Aerosol Mass 
Spectrometer (AMS) is the most suitable instrument, with the ability to determine the 
size-resolved chemical composition of ultrafine particles down to 70 nm. Typically, 
AMS has three main sections: an inlet for particles, sizing chamber, and a mass 
spectrometer. Particles size is measured using both aerodynamic and light-scattering 
techniques [154]. Sized particles are then ionised and their elemental properties are 
detected by the mass spectrometer [155]. Despite the unquestionable positive 
features of AMS, it has been very rarely used for chemical characterisation of ENPs 
(e.g., Keskinen et al. [156]) due to the size and costs of the instrument.  
Review of the literature signifies some crucial deficiencies regarding the 
physio/chemical characterisation of ENPs, among which, the lack of a harmonised 
and standardised measurement procedure is the most critical. So far, inter-laboratory 
studies conducted on both online and offline measurement techniques have always 
suffered from the lack of a standardised sampling and measurement protocol. 
Therefore, there is an urgent need for a harmonised and standardised measurement 
and sampling protocol that can guarantee accurate measurements, in view of 
measurement repeatability and detection limits and calibration of the instruments,  
and traceable results. Among the key characteristics of ENPs, a high priority for 
developing a harmonised characterisation procedure should be given to size, as a 
major driving factor in the fate of ENPs in different environments. Once such a 
protocol is established, comparability of both online and offline inter-laboratory 
measurement results will be facilitated, leading to the development of harmonised 
international characterisation methodologies for different ENPs.   
 
2.9 EXPOSURE TO ENGINEERED NANOPARTICLES 
Due to the recent rapid growth of nanotechnology-related industries, increasing 
number of workers are now exposed to various types of nanomaterials including 
ENPs, whose health impacts are mostly unknown. Fortunately, a lot of focus has 
been given to this issue by researchers of different fields including environmental 
and occupational health and toxicology. As a result, a major body of literature is now 
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available on health issues associated with ENPs, as well as exposure assessment and 
control techniques in nanotechnology workplaces.  
2.9.1 Release of Engineered Nanoparticles 
In order to understand the behaviour and fate of ENPs in different 
environments and to apply this knowledge to assessment of human exposure to them, 
it is absolutely vital to characterise their release during all stages of their life-cycle. 
Figure 2.8 shows the life-cycle of nanomaterials, from synthesis to use and recycling. 
As shown, release of nanomaterials triggers the occupational exposure by remaining 
within the workplace due to their small size, and will subsequently result in the 
environmental exposure by contributing to the ultrafine particles in the atmosphere. 
 
 
Figure 2.8. Life-cycle of products containing ENPs [157] 
 
In a review paper by Gottschalk and Nowack [157], four scenarios were 
suggested for the release of any engineered nanomaterial (ENM) to the environment 
(including soil, water, and air). These scenarios are: release during production, 
release from manufacturing processes, release from products, and release from 
technical compartments. According to the literature, ENPs are most likely to be 
released during the first two stages. This highlights the importance of workplace 
aerosol measurements, where various activities/processes in relation to ENPs take 
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place. According to Kuhlbusch et al. [118], workplace activities that contribute to the 
release of ENPs, either in industrial or laboratory scale, fall into four categories:  
 Production 
 Handling and refinement 
 Bagging and shipping 
 Processing 
Release of ENPs during the production phase is a function of the synthesis 
method (i.e., top-down by milling or grinding the bulk material or bottom-up via 
nucleation and particle growth) and condition (i.e., open or closed process). The 
synthesised material may also be released and become airborne during handling and 
refinement phase that includes processes such as filtering, drying, palletising, 
grinding, and milling. Bagging and shipping of the ENMs, particularly in the form of 
dry powder, are other sources of release. At the processing phase, the release of 
ENPs occurs due to any activity capable of modifying the polymer structure such as 
drilling, cutting, sanding, thermal and high-energy processes, rolling, folding etc 
[158]. 
 In addition to the possible release scenarios, type (e.g., metals and their oxides 
[159-161], carbonaceous materials [84, 126, 162], composites [163-166]) and form 
(i.e., single, aggregated/agglomerated, and embedded in a matrix) of ENPs have been 
subjects of many recent studies. As an example, it was stated in a report by the 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) in 2013 
[167] that a combination of primary nanoparticles from matrix, free reinforcing 
nano-objects (e.g., nanoparticles, nanofibers, and nanoclays), and also matrix 
particles with embedded nano-objects are emitted during different machining 
processes of nanocomposites.  
Once ENMs are produced and during the use phase, their release is influenced 
by environmental factors such as humidity, pressure, and UV radiation and also 
human activities. Finally, the release of ENMs in post-use phase is mainly driven by 
waste treatment of products containing these materials and environmental impacts 
[158].  
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2.9.2 Exposure Pathways of Engineered Nanoparticles 
Inhalation is considered to be the major type of exposure to ENPs. Following 
the inhalation, nanoparticles deposit in three regions of the respiratory system: head 
airways (from nose and mouth to larynx), tracheobronchials (from larynx to the 
terminal bronchioles), and alveoli. Deposition of particles in any of these regions is 
governed by five mechanisms based on particles size: inertial impaction, 
interception, diffusion, sedimentation, and electrostatic attraction [168]. Whilst the 
inertial impaction is the dominant deposition mechanism for super-micrometre 
particles, nanoparticles are deposited mainly through diffusion. In a predictive model 
developed by the International Commission on Radiological Protection (ICRP) 
[169], deposition of particles in different regions of the human respiratory tract was 
calculated as a function of particles size (Figure. 2.9).  
 
 
Figure 2.9. Deposition curves of nanoparticles in the respiratory tract calculated by ICRP [168] 
 
According to this model, nanoparticles in 10-100 nm range are the most 
probable to penetrate into deeper (alveolar) regions of the lungs, whereas very small 
nanoparticles (a few nanometres in diameter) and super-micrometre particles mostly 
deposit in the head region. For instance, the model shows that nanoparticles of 
diameters <10 nm are deposited up to 80% in the upper region. Nanoparticles 
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depositing in the alveolar region might translocate further into the bloodstream [170-
172]. 
Penetration of nanoparticles into body through skin (known as dermal 
exposure) is another possible exposure route. Schneider [173] and Smijs [174] 
reviewed the interactions of skin and nanoparticles in their separate studies and Prow 
[175] studied the use of nanoparticles for skin drug delivery. According to the 
literature, nanoparticles bigger than 10 nm in diameter are less likely to penetrate 
human skin. However, chances of penetration increase in case of damaged or 
diseased skin [176]. Other physiochemical properties such as charge, density, and 
hydrophobicity of the nanoparticles are also important in dermal exposure. 
Ingestion is the least-studied type of exposure to nanoparticles. This type of 
exposure might be caused by nanomaterials used for nutritional enhancement and 
food packaging or direct hand-mouth contact. In one of the few studies in this field 
by Wang [177], the toxicity of CdSe quantum dot exposure via ingestion was 
investigated. 
2.9.3 Exposure Assessment; Devices, Methods, and Strategies 
As stated previously, no consensus has been reached over which metrics to be 
considered in characterisation and exposure assessment of ENPs. Thus, a multi-
metric approach is suggested including the key ones discussed in section 2.7. 
In a review of occupational health risk of exposure to ENPs, O’Shuaghnessy 
[178] categorised the measurement instruments as “time-integrated” and “direct 
reading”. Time-integrated devices mainly rely on collection of particles on filters 
followed by an analysis to calculate their concentration. According to the National 
Institute for Occupational Safety and Health (NIOSH), these devices employ two 
different sampling techniques: a “total” dust sample, and “respirable”. On the other 
hand, direct reading instrument are used to measure the real-time concentration 
(mass or number) and size distribution of ENPs. In a more comprehensive review, 
Kulbusch et al. [118] divided the available measurement/sampling devices even 
further into four classes:  
 Size-resolved, time-resolved: particle detection is based on optical or 
electrical mobility; examples are SMPS, FMPS, OPC, ELPI. 
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 Size-integrated, time-resolved: particle detection can be number based 
(e.g., CPC) or surface area based (e.g., NSAM). 
 Size-resolved, time-integrated: examples are low-pressure cascade 
impactor and MOUDI (See section 2.8.6). 
 Size-integrated, time-integrated: examples are electrostatic precipitator and 
thermal precipitator. 
These devices should be used in workplaces in a way that guarantees a 
sensitive and cost-effective characterisation of exposure to ENPs. A widely accepted 
measurement strategy for this purpose is the tiered approach. A good example is the 
NEAT (Nanoparticle Emission Assessment Technique) strategy developed by 
NIOSH [179] that suggests using a handheld device to measure particle number 
concentration and to locate the possible release points of ENPs. Particle number 
concentration was chosen for the initial monitoring mainly due to the relatively high 
sensitivity of this metric for nanoparticles. Once the release of ENPs is confirmed in 
a location (i.e., when the increase in number concentration compared to the 
background level is significant and greater than the error margin of the handheld 
measurement device), the tiered approach suggests conducting the second stage of 
investigation that requires more detailed measurements. Several other tiered 
approaches were proposed including those by the British Standard Institution (BSI) 
[180] and the German Chemical Association (VCI) [181]. Similar to NEAT, these 
approaches also rely on a preliminary evaluation of the process/activity followed by 
the extended assessment, if decided to be necessary. Depending on the objectives 
dictated by the study, the extended assessment might focus on different issues 
including the process, personal exposure, or toxicology and epidemiology.  
In the personal exposure approach, the real-time data acquired from either 
personal or areal measurement devices combined with the information on the activity 
patterns of people in workplace are used to determine the personal exposure to ENPs. 
The process-related studies often use a measurement suite, which is located close to 
the process/activity of interest and includes more sensitive devices than those used in 
the initial scanning stage. Finally, the toxicological/epidemiological studies use a 
broad range of measurement and sampling devices to obtain the health-relevant 
metrics, as uncertainty still exists on which metric best reflects the health effects of 
ENPs.  
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2.9.4 Assessment of Exposure to Engineered Nanoparticles at Workplaces 
There is a significant body of literature available on ENPs release and exposure 
at various nanotechnology workplaces and research facilities. Table 2.4 summarises 
some examples of these studies: 
Workplace   Activity Nanomaterial Measured 
metrics 
Results Reference
Industrial 
production 
Bagging Carbon black - PNSD 
(15-675 nm) 
- PMC 
- PNC 
- CC* 
- No significant 
release of ENPs 
- Release of   
agglomerates 
(>400 nm) 
[182] 
Industrial 
production 
Production 
Pelletising 
Carbon black - PNSD 
(15-675 nm) 
- PMC 
- PNC 
- CC 
- Significant 
 release of ENPs 
and agglomerates 
in case of  leak 
- Significant effect 
of other sources  
on PNC 
[183] 
Toner and 
printing ink 
industry 
Emptying  
powder bags 
Fumed silica - PNSD 
    (< 1 µm) 
- PNC 
- ASA** 
- Morph 
- CC 
- Significant 
increase in PNC 
(>100 nm) and 
ASA confirmed 
by TEM 
 
[184] 
Industrial 
manufacturing 
plant 
Packaging 
Palletising 
Carbon black - PNSD 
     (< 1 µm) 
- SA^ 
     (< 1 µm) 
- Higher measured 
values during 
activity period 
 
[124] 
Industrial 
manufacturing 
Liq process 
Drying 
Grinding 
Handling 
Silver - PNSD 
(15-675 nm) 
- Morph 
- Significant 
release of ENPs 
and agglomerates 
in all steps upon 
opening the 
machines 
- Possible exposure 
even for wet 
processes 
[160] 
Industrial 
production 
Wet milling Metal oxides - PNSD 
     (0.3-10 µm) 
- PNC 
     (0.01-1 µm) 
- MC 
- CC 
- Morph 
- Only large 
agglomerates 
   detected 
[143] 
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Industrial 
production 
Bagging 
vacuum 
cleaning 
Fullerenes - PNSD 
(0.15-10 µm) 
- Morph 
- Release of ENPs 
during both  
activities 
 
[185] 
Industrial 
production 
Production 
Processing 
Carbon 
nanofibres 
- PNC 
- PMC 
- ASA 
- CO 
- CO2 
- Significant 
release of ENPs 
and  
agglomerates 
[126] 
Primary and 
secondary 
industrial 
manufacturing 
Harvesting 
Weighing 
Handling 
Sonicating 
Extruding 
MWCNT - PNC 
- PMC (resp) 
- SA 
- EC^^ 
- Morph 
- No clear link 
between  
Direct-reading 
instruments (DRI) 
results to EC or 
microscopy data 
- DRIs; weak 
in quantifying 
exposure, helpful 
for control 
evaluation 
 
[186] 
Industrial 
facility 
Chemical 
mechanical 
Planarisation
Metal oxides - PNSD 
   (0.01- 5 µm)  
- PNC 
- PMC 
- Morph 
- Insignificant 
increase of ENPs 
above  
background level 
 
[187] 
Small-scale 
manufacturer 
Production 
Processing 
MWCNT - EC  
- PMC (resp) 
- PNC 
- Morph 
 
- The highest 
emission of and 
exposure to 
CNT-containing 
particles during 
production 
[188] 
Research 
Laboratory 
Abrasion CNT 
nanocomposites
- PNSD 
(0.01-2.5 µm) 
- PNC 
- Morph 
- Emission of  
free-standing 
CNTs and  
agglomerates 
- Four size modes 
for all PNSD 
spectra 
 
[189] 
Research 
Laboratory 
Grinding CNT 
nanocomposites
- PNSD 
(0.01-1 µm) 
- PNC 
- Morph 
- Significant 
release of ENPs 
that are mainly 
volatile 
[190] 
Research 
Laboratory 
Drilling CNT 
nanocomposites
- PNSD 
(0.005-20µm) 
- PNC 
- PMC 
- b-PAHs 
- Morph 
- Release of  
ultrafine ENPs 
(<5 nm) due to 
thermal  
degradation of 
the composite 
material 
[191] 
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*CC: Chemical Composition 
**ASA: Active Surface Area 
^SA: Surface Area 
^^EC: Elemental Carbon 
   
Table 2.4. Summary of some of the workplace exposure studies (adapted from Kuhlbusch et al. [118]) 
 
As shown in Table 2.4, the majority of the workplace particle release and 
exposure studies were case studies merely concerned about emission of particular 
type of ENPs and exposure to them during their life cycle. They failed to present a 
proper discussion on the uncertainty and detection limits of the measurement 
instruments. Furthermore, the miscellaneous measured metrics shown in Table 2.4 
together with the absence of a harmonised approach for data evaluation have led to 
the lack of comparability of the results obtained in different exposure studies.  
The abovementioned suggests that identification of ENPs exposure is not 
straight-forward and a harmonised approach needs to be developed for the 
quantitative exposure assessment of ENPs. Such approach should contribute to 
linking the measured elevated concentrations to the ENPs of interest and obtaining 
quantitative results. To address this issue, Brouwer et al. [192] proposed a strategy 
including the following steps: 
I. Obtaining a minimum dataset: As previously discussed, the most suitable way 
to characterise the exposure to ENPs is the measurement of their physical, 
chemical, and physiochemical properties, as well as the environmental (in this 
case, workplace) parameters. It is therefore necessary to use the results from 
both online reading instruments and offline analysis together with the workplace 
information. The real-time measurements are recommended to include particle 
number concentration, as well as either the number size distribution or surface 
area. In case none of the last two is available, measurement of particle number 
concentration for at least two size bins (<100 and >100 nm) is suggested [192]. 
Qualitative information on morphology and elemental composition of ENPs and 
‘Wet’ mass concentration of respirable mass fraction (if applicable) are also 
required to be added to the dataset. 
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II. Differentiating ENPs from background particles: In order to adequately 
characterise the exposure to ENPs in workplaces, it is absolutely imperative to 
differentiate them from the ambient and ultrafine particles originating from natural 
or incidental sources inside or outside the workplace. Different approaches have 
been used in workplace exposure studies to tackle this challenge including time 
series analysis and spatial analysis. In time series analysis, it is assumed that the 
concentration during “no work” period represents the background particles, while 
the increase in concentration during “work” period is due to the process, the 
nanomaterials of interest or both. The spatial distinction approach is based on the 
assumption that the concentration at the background location, where is reasonably 
far from the process/activity location, may represent the background particles. 
Hence, any difference between concentrations at background and workplace is 
attributed to the process and the nanomaterials. Kuhlbusch et al. [118] reported that 
the majority of the published studies used a combination of the above approaches, 
often backed up by chemical/morphological analysis to facilitate the unambiguous 
determination of ENPs; a task that online measurement devices are mostly 
incapable of carrying out. 
III. Analysing and reporting the data: Post-measurement steps are of paramount 
importance in the assessment of ENPs exposure in nanotechnology workplaces. 
According to Brouwer et al. [192] these steps are: appropriate processing and 
analysis of the real-time measurements data, benchmarking of the instruments 
performance, and consistent reporting of the results obtained from offline methods. 
The obtained data need to be summarised and statistics such as Geometric Mean 
(GM), Geometric Standard Deviation (GSD) as an indication of lognormal 
distribution, and Arithmetic Mean (AM) or peak exposure for disease mechanisms 
need to be extracted [193]. Other useful summary statistics that are recommended 
to obtain are exposure over a task and 95% confidence interval. The real-time 
measurement devices need to be compared and differences between their responses 
should be quantified in view of the influencing parameters such as size range, 
averaging time, and principal of operation. Finally, it is recommended to include 
the following information in the electron microscopy results report: type of 
instrument used (i.e., TP or TEM grids on filter), uniformity of deposition, filter 
and grid properties (i.e., coating, size, etc), selected section of filter/grid for 
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analysis (e.g., magnification level, number of fields, and number of particles on 
each field), and categories of morphology and shape (i.e., free, agglomerates, 
spherical, etc). To confirm the real-time device’s results, Pfefferkorn et al. [194] 
suggested reconstructing the particles size distribution from TEM images (if 
possible). 
Despite the recent improvements in developing a more harmonised assessment 
of ENPs exposure, this area of research still suffers from some critical deficiencies. 
From the health point of view, the dispute continues to exist over which metric best 
represents the possible health effects of ENPs. Regarding the physical 
characterisation, there is a need for investigating the sensitivity of ENPs emission to 
specific parameters including those of the material, activity, and environment. To 
pinpoint the effect of these parameters, a more in-depth characterisation of ENPs 
emission from different nanotechnology activities is required, which is comprised of 
a comprehensive measurement of ENPs key emission characteristics and a close 
analysis of the obtained data. The focus in data analysis should be on quantifying the 
variations in the measured properties caused by the abovementioned parameters, thus 
determining their effect. Specific attention should be paid to the size-resolved 
emission of ENPs from different nanotechnology activities and determining the 
contribution of different size ranges (nanoparticles, in particular) to it under various 
circumstances. The existence of a specific trend in the emission of certain types of 
ENPs from certain activities/processes, generalisable to other settings should also be 
verified. Deriving such a trend would be of paramount importance to our 
understanding of the workplace exposure and contribute to the future legislations in 
this area. 
2.9.5 Exposure control and management 
As agreed upon by the researches, the most effective way of reducing health 
hazards of exposure to ENPs in workplaces is to prevent harm early in the 
development stage of the process and to subsequently incorporate health and safety 
considerations into the design, implementation, and operation phases [195]. The 
main reason that the hazard reduction should take place as close as possible to the 
source is that any modification of process, equipment, or workplace for health and 
safety purposes would be very costly and difficult once passed the design stage. 
There are three main exposure control categories: engineering control, administrative 
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control, and use of personal protective equipment (PPEs) [196]. Selection of one of 
these controls depends on the exposure risk, which is a function of a range of factors 
including physical form and quantity of the nanomaterial, and also the duration of the 
task.  
Engineering controls include elimination and substitution of hazardous 
nanomaterials at the emission source, as well as applying changes to the process and 
workplace to reduce exposure to ENPs. To reduce the risk of exposure, the emission 
source of ENPs can be isolated from workers by either locating and enclosing the 
source of emission or isolating the workers in a controlled environment. Ventilation 
of the workplace, either dilution ventilation (DV) or local exhaust ventilation (LEV) 
is another effective engineering control of exposure to airborne ENPs.  
Administrative measures need to be practiced at the workplace, complementary 
to engineered controls, in order to minimise exposure. Training the employees is 
regarded as the most important task of this category and should provide the personnel 
with information regarding potential hazards, safe work procedures, personal 
hygiene, regular housekeeping, etc [195]. Other administrative tasks include transfer, 
labelling, and storage of nanomaterials (either hazardous or non-hazardous) 
according to applicable standard procedures, and minimising the number and 
duration of shifts of the workers dealing with nanomaterials.  
When the application of engineering and administrative controls is not feasible 
or they fail to provide satisfactory protection against ENPs exposure, PPEs are 
considered to be the “last resort”. They include respirators, gloves, glasses, and 
various clothing. Respirators are recommended to use when working with dry 
nanomaterials or handling any type of nanomaterials in the absence of other effective 
control measures. According to NIOSH, the same protective clothing required for 
wet chemistry laboratory (i.e., lab coat, long pants, long-sleeved shirts, and enclosed 
footwear) is recommended for handling of nanomaterials. Appropriate protective 
eyewear should be used depending on the type and level of the hazard, bearing in 
mind that they are not effective against dry airborne ENPs. 
 
2.10 GAPS IN KNOWLEDGE 
The review of the literature identified the following gaps in knowledge: 
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 No specific and standard protocol exists for aerosolising and sampling of 
ENPs.  
 There is no harmonised measurement procedure for traceable 
characterisation of ENPs, more particularly, for particle size. 
 The consistency of size measurement results obtained by online and offline 
methods, in view of their measurement uncertainties, has not been well 
assessed. 
 The variations in the emission of ENPs from nanotechnology activities due 
to both particles properties and operational parameters have not been 
quantified. 
 The existence of a general trend in the emission of ENPs from 
nanotechnology processes has not been studied. 
 Very little effort has been made to determine the contribution of different 
size ranges of ENPs to their emission from different activities through an 
appropriate analysis of PNSD data. 
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Abstract 
Results of an inter-laboratory comparison on size characterization of SiO2 
airborne nanoparticles using on-line and off-line measurement techniques are 
discussed. This study was performed in the framework of Technical Working Area 
(TWA) 34 – “Properties of Nanoparticle Populations” of the Versailles Project on 
Advanced Materials and Standards (VAMAS) in the project no. 3 “Techniques for 
characterizing size distribution of airborne nanoparticles”. Two types of nano-
aerosols, consisting of (1) one population of nanoparticles with a mean diameter 
between 30.3 and 39.0 nm and (2) two populations of non-agglomerated 
nanoparticles with mean diameters between respectively 36.2 - 46.6 nm and 80.2 - 
89.8 nm, were generated for characterization measurements. Scanning mobility 
particle size spectrometers (SMPS) were used for on-line measurements of size 
distributions of the produced nano-aerosols. Transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), and atomic force microscopy (AFM) 
were used as off-line measurement techniques for nanoparticles characterization. 
Samples were deposited on appropriate supports such as grids, filters, and mica 
plates by electrostatic precipitation and a filtration technique using SMPS controlled 
generation upstream. The results of the main size distribution parameters (mean and 
mode diameters), obtained from several laboratories, were compared based on 
metrological approaches including metrological traceability, calibration, and 
evaluation of the measurement uncertainty. Internationally harmonized measurement 
procedures for airborne SiO2 nanoparticles characterization are proposed. 
 
Keywords: Scanning and Transmission Electron Microscopies; Atomic Force 
Microscopy; Scanning mobility particle size spectrometers; metrological traceability; 
SiO2 nano-aerosol size distribution; inter-laboratory  comparison 
 
3.1 INTRODUCTION 
Nanotechnology is one of the six Key Enabling Technologies (KETs) selected 
by the European Commission as producing a major economic impact and societal 
challenges [1-3]. Indeed, the probability of finding nano-objects in the workplace, as 
well as in ambient air, increases with the development of new industrial applications 
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of nanotechnology employing nanomaterials in the car industry, electronics, 
communications, cosmetics, energy, environment, pharmaceutical biomedicine, and 
bio-technology. Scientific studies of health and environmental risks indicated that 
nano-objects, in particular in aerosol form, have potentially adverse health effects on 
exposed workers and the general population [4-11]. With regard to these risks, three 
potential routes of exposure were identified: ingestion, epidermal absorption, and 
inhalation. The last one is considered as predominant, especially in the workplace 
[12].  
Relevant characteristics of airborne nanoparticles, such as the particle size [13], 
strongly influence the particle deposition in the respiratory tract [14, 15]. Up to now, 
the knowledge of the impact on people’s health, following exposure to nanomaterials 
inhalation, is incomplete. In order to address societal issues around nano-objects, 
standardized characterization protocols for traceable and reliable measurements are 
necessary [16, 17]. Therefore, a number of inter-laboratory comparisons have been 
performed over the last twenty years with on-line and off-line techniques in order to 
measure particle parameters [18-23]. In such studies, sampling for off-line particle 
measurements is a crucial step to obtain representative, reliable analysis results. A 
recent study of Cyrs et al. [24] focused on the nanoparticle collection efficiency of 
capillary pore membrane filters (PMF). The authors pointed out that size-specific 
correction factors could be used for characterization of the particle size distribution 
(PSD) of airborne particles measured by microscopy techniques.  
The major conclusion of these inter-laboratory comparison studies was on the 
lack of measurement standards and of harmonized and standardized measurement 
procedures. As an example, Cadle and Mulawa [18] concluded that their 
measurement accuracy is unknown, since measurement standards of elementary 
carbon in atmospheric particles do not exist. Zervas et al. [21] pointed out that only 
metrological aspects such as measurement repeatability and detection limits were 
studied in their work, without considering calibration of the measuring instruments. 
During their inter-laboratory  study performed in a vehicle and involving a reference 
particle measurement system, Giechaskiel et al. [25] pointed out that calibration 
procedures for such an instrument should be better defined.  
Other inter-laboratory  comparisons have been performed in order to compare 
off-line measurement techniques, such as Proton-Induced X-ray Emission, X-Ray 
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Fluorescence [26], and on-line techniques, such as mobility particle size 
spectrometers (MPS) [27, 28]. The performances of four Scanning MPS (SMPS) 
were evaluated by Fissan et al. [29] under the same conditions for flow rates, flow 
ratio, input monodisperse aerosols, and transport-line lengths in the 6 to 50 nm size 
range. Their results provide a quantitative comparison of the mobility resolution and 
diffusion loss of the nanometer aerosols in such systems. Moreover, the performance 
assessment of Fast MPS (FMPS) and Ultrafine Water-based Condensation Particle 
Counter (UWCPC) equipped SMPS was performed by Jeong and Evans [30] under 
various conditions on urban ambient particles, urban indoor particles, rural ambient 
particles, and laboratory-generated particles. Asbach et al. [31] tested four different 
mobility particle sizers on NaCl and diesel soot particles measurements.  
A lack of metrological traceability can therefore be identified in these studies, 
so the need of traceable measurement results becomes of crucial importance. Only 
the paper of Wiedensohler et al. [32] talks about harmonization of measurement 
procedures to facilitate high quality long-term observations of atmospheric particle 
size number distributions obtained by SMPS.  
In this paper, we present results of a study performed within the framework of 
Technical Working Area (TWA) no. 34 – “Properties of Nanoparticle Populations” 
of the Versailles Project on Advanced Materials and Standards (VAMAS) in project 
no. 3 “Techniques for characterizing size distribution of airborne nanoparticles”. The 
working group of this project is composed of eleven National Metrology Institutes 
(BAM, CENAM, DFM, NMIA, NMISA, INPL, KRISS, LNE, NIST, NMIJ-AIST, 
NPLI) and four laboratories involved in nanoparticle metrology (LPMA, LISA, 
[ILAQH-QUT], UNIGE). This work was focused on manufactured SiO2 
nanoparticles because of their widespread use in industry. Two types of non-
agglomerated nano-aerosols [33-35] were generated. One contained a single 
population of nanoparticles, and the second one was composed of two populations of 
non-agglomerated nanoparticles. The results, presented in this paper, were obtained 
during an inter-laboratory  comparison for SiO2 airborne nanoparticles 
characterization using (1) an on-line measurement technique, called SMPS 
(described as a Differential Mobility Analysing System by ISO 2009 [36]), and (2) 
off-line measurement techniques, namely transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), and atomic force microscopy (AFM), all of 
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which needed the particles collection on appropriate supports (grids, filters and mica 
plates). Based on these results, international harmonized measurement procedures for 
size characterization of airborne SiO2 nanoparticles are proposed. 
 
3.2 MEASUREMENT METHODS 
Five SMPS laboratories were involved in this study in order to compare 
different aerosol generation methods and to evaluate inter-laboratory variation of the 
SMPS PSD measurements (coded SMPS1-5). Seven other laboratories participated 
in TEM analysis, seven in SEM, and four in AFM measurements, in order to 
compare parameters of the size distributions obtained by these techniques for aerosol 
particles deposited on grids, filters, and mica plates by electrostatic precipitation and 
filtration techniques used during the SMPS controlled generation upstream. 
3.2.1 Nano-aerosol generation and on-line measurement 
The objectives were to generate airborne SiO2 nanoparticles and to characterize 
the PSD of the generated aerosols with different on-line measurement techniques, 
and to validate them by an inter-laboratory comparison. 
Aerosol generation set-up and on-line measurement systems 
The instruments used for the inter-laboratory comparison were an aerosol 
generator, a differential mobility analyser (DMA), and a condensation particle 
counter (CPC). An atomizer, available to the greatest number of participants, was 
used to generate high concentration aerosols. Electrospray was also used by the fifth 
SMPS laboratory as a generation system to produce nano-aerosols with fewer 
impurities (parasitic particles), compared to the atomizer. The same DMA 
commercial type (model 3080, TSI) was used by all participants. DMA was operated 
in (1) scanning mode, and (2) stepping mode. In the scanning mode, the commercial 
software, Aerosol Instrument Manager (AIM), was used for DMA control and data 
analysis. DMA flows were selected for a wide particle size range in order to monitor 
and assess trends in particle generation. For the stepping mode, custom-made 
software was used for DMA control and data analysis based on the DMA moment 
method [37]. DMA flows were selected to obtain the best resolution to determine the 
PSD parameters. Different types of CPC, used in this study, were also commercial 
devices from the TSI Company. Each CPC was connected to a DMA using tubes 
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with a length of 25 cm and a diameter of 6 mm. Figure 3.1 shows the most common 
set-up and specific details of the different systems used by the SMPS laboratories. 
Table 3.3 in Appendix lists associated operating parameters. 
The analysis steps described in “Determination of particle size distribution – 
Differential electrical mobility analysis for aerosol particles” [36] for DMA were 
taken into account. Calibrations for size measurements were performed using 
Certified Reference Materials (CRMs) of Polystyrene Latex particles (PSL CRMs) 
certified by TEM [46 ± 2 nm (3050A, Thermo Fisher Scientific), 81 ± 3 nm (3080A, 
Thermo Fisher Scientific) and 100.82 ± 0.66 nm (STADEX SC-010-S, JSR)]. The 
calibration results are listed in Table 3.3. 
 
 
Figure 3.1. Setup of generation and size characterization of SiO2 airborne nanoparticles available to 
the greatest number of laboratories 
 
Airborne SiO2 nanoparticles generation protocol 
Sample preparation with colloidal suspensions:  
The best available purified and deionized water was used to prepare diluted 
suspensions. In order to obtain an aerosol with one nanoparticle population (a 
monomodal PSD), an amount of a manufactured colloidal suspension was diluted in 
one litre of Milli-Q water. This prepared solution was then introduced into the bottle 
of an atomizer system (model 3076, TSI) in order to obtain a monodisperse 
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population called “Aerosol One Population” (aerosol OP). To produce an aerosol 
with two nanoparticle populations (a bimodal PSD), 50 µL of a second manufactured 
colloidal suspension was diluted in one litre of Milli-Q water. This prepared solution 
was then introduced into the bottle of an identical atomizer system (model 3076, 
TSI) in order to obtain a double-population aerosol called “Aerosol Double 
Population” (aerosol DP) characterized by two populations of isolated (non-
agglomerated) airborne particles. 
The SiO2 manufactured colloidal suspensions were chosen according to their 
properties (particle size, morphology and agglomeration state) and their availability. 
The first suspension contained a single population of nanoparticles, and the second 
one was composed of two populations with particle size below 100 nm of non-
agglomerated nanoparticles with spherical shape. The values of the aspect ratio 
(minimum feret diameter divided by maximum feret diameter) of the particles as 
measured by TEM are in the range between 0.92 and 0.96 indicating a relatively high 
sphericity of the nanoparticles.  
The samples were distributed to the participants knowing that all the samples 
were coming from the same batch. Special attention was taken during transportation 
by using tightly sealed containers to prevent evaporation and to ensure the sample 
integrity. 
Aerosol generation:  
Before each generation of SiO2 nanoparticles, the aerosol background was 
checked by nebulising the solvent alone (water) after by cleaning the bottle and the 
atomizer three times with Milli-Q water. This was performed until the background 
resulting from remaining SiO2 particles was negligible. Each aerosol generator was 
used under optimum conditions. For example, a TSI atomizer 3076 was operated at a 
pressure of 2.4 bars of clean-dry air delivered from a commercial device (model 
3074B, TSI). Generated particles are then introduced through a homogenization 
chamber and a solvent collection tank before passing through diffusion driers and 
analysis by on-line SMPS device.  
SMPS Measurement methods 
Scanning mode: operating parameters and software:  
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Aerosol Instrument Manager (AIM) software (Release Version 8.1.0.0, TSI) 
was used with or without diffusion and charge corrections. A density of 2.2 and 1.2 × 
10-3 g/cm3 for particles and gas, respectively, was taken into account. Different 
sheath (qc) and aerosol (qa) flows were used. These flow conditions corresponded to 
a 14 - 673 nm size range. The scanning steps were identical, 180 s for voltage 
increasing, 30 s for voltage decreasing and the remaining 30 s for idling, with a total 
recording time of 4 min. The measurements were started only when the generation 
system was stable for longer than 10 min, and at least 10 scans were recorded on 
three different days.  
Stepping mode: operating parameters and DMA moment method:  
For the stepping mode, DMA flows were set at qc = 19.5 L/min and qa = 1.0 
L/min. The CPC (model 3022A, TSI), which is used to count particles at the DMA 
exit, was operated in the low flow mode (0.3 L/min). At least eleven values for DMA 
voltages were selected to cover the whole particle peak. Each voltage was applied for 
30 s with the first 20 s for idling and the remaining 10 s for particle counting. The 
measurement was started from the voltage which was expected to be close to the 
middle of the peak. The voltage was then changed alternately to the left and to the 
right of this first voltage, knowing that the first and last voltages should match in 
order to check the stability of aerosol generation. It was considered that the DMA 
spectrum had to be done again when the difference between first and last particles 
counts was larger than 10 %.  
Curve fitting was employed to obtain the size distribution. In these conditions, 
the peak was clearly isolated from background particles and the average diameter 
could be determined. The peak voltage diameter was also determined in order to 
compare the obtained mode diameter with the one obtained by scanning mode 
operation. Furthermore, the certified diameter of the reference particles was used to 
correct possible errors in DMA electrode dimensions. For each sample, the 
measurements were repeated three times on three different days. The equations given 
by Allen and Raabe [38] and established by Wiedensohler [39] were used, 
respectively, for the slip correction and equilibrium charge distribution. 
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Results treatment and uncertainty measurement 
The measurement results were treated according to the ISO 5725-2 [40] 
procedure in order to determine repeatability and reproducibility of mean and mode 
diameters for each particle population. Gaussian (normal), asymmetric Gaussian, and 
log-normal distribution models were used. The influence of different aerosol 
generators, DMA flow conditions, and the presence or absence of diffusion and 
charge corrections were investigated to evaluate measurement uncertainty 
components and to calculate the expanded uncertainty. In order to better describe 
aerosol DP, two ratios in number concentration were calculated. The peak and area 
ratios correspond respectively to the ratio of the maximum intensities (mode, in 
number concentration) and to the ratio of the two populations areas, either in 
integrality (Gaussian law) or integrated on determined size ranges. 
3.2.2 Sampling for off-line measurements 
As mentioned above, TEM, SEM, and AFM were used as off-line techniques 
to measure the number-based PSD of SiO2 airborne nanoparticles collected on 
appropriate supports after their generation. Concerning the SMPS controlled 
nanoparticles generation, identical protocols as described in section 3.2.1 were used, 
and either a flow splitter connection (model 3708, TSI) or a T-junction were used, 
depending on the laboratories for SMPS and off-line sampling systems connections. 
In this study, two main sampling techniques were used: electrostatic precipitation 
and filtration.  
Sampling methods 
Electrostatic Precipitation: 
Electrostatic precipitation [41-43] can also be performed to sample airborne 
nanoparticles. In this study, a Nanometre Aerosol Sampler (NAS, Model 3089, TSI) 
was used to collect SiO2 nanoparticles. For the off-line analysis study, mica 
substrates (AGAR Scientific, G250-3, 11x11mm, roughness ~50 pm, root mean 
square roughness 0.08 nm) and TEM grids (Formvar carbon on 200 mesh Cu grid 
and pure carbon on 200 mesh Cu grid), fixed with liquid silver glue on a 9.5 mm 
NAS electrode, were used. Before each sampling, the NAS chamber and its electrode 
were cleaned with ethanol and dried with filtered compressed air. A flow rate of 
2 L/min and a voltage of 10 kV were used for the sampling in order to obtain a high 
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collection efficiency and the greatest amount of collected nanoparticles. It was 
recommended to deposit SiO2 nanoparticles onto the shiny side of the TEM grids 
(Formvar/Carbon film). Just before deposition, the mica must be cleaved using the 
adhesive tape method until the surface appears visually featureless. Two TEM grids 
of different types were used in this study and were labelled N1, N2 for carbon-coated 
Formvar films and N3, N4 for pure carbon film. The TEM grids with pure carbon 
were required for AFM measurements due to the fragility of Formvar-carbon films 
rendering them unsuitable for AFM scanning. Each sampling laboratory took at least 
two TEM grids of each type in order to study the repeatability of their sampling 
process. 
Two configurations of the NAS system connection were used in this study, i.e. 
before (configuration 1) and after (configuration 2) the Kr85 SMPS neutralizer. A 
preliminary study shows that configuration 1 was better suited to collect generated 
SiO2 airborne nanoparticles on TEM grids than configuration 2, due to the higher 
particle concentration and the associated reduction of sampling time. The other 
advantage of this configuration was the possibility to easily connect the SMPS in 
parallel in order to control the size distribution of the produced aerosol. For 
configuration 1, sampling times of 5 min and 2 min 30s on TEM grids were used for 
both SiO2 nano-aerosols (OP and DP) and a sampling time of 30 min for mica 
substrates in order to obtain a suitable nanoparticle surface density 
(~20 particles/µm²). This allowed maximizing the number of collected particles 
without particle overlaps. For configuration 2, sampling time was two hours. The 
mica and TEM grids samples obtained using the NAS system are respectively called 
samples D and B. Each sampling laboratory produced three mica samples for each 
AFM laboratory (called M1, M2 and M3) in order to study the repeatability of their 
sampling process. 
Filtration Technique:  
Filtration is a technique which uses diffusion, interception, and impaction 
processes to collect particles on a substrate. Diffusion is the major phenomenon 
involved in deposition of airborne nanoparticles.  
Airborne SiO2 nanoparticles were sampled using a 25 mm filter holder 
equipped with a pump and a regulator in order to control the flow rate at 2 L/min. 
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Before each sampling, the filter holder was cleaned with ethanol and dried with 
filtered compressed air. Sampling was performed simultaneously on 25 mm 
polycarbonate membrane filters (PMF, Nuclepore®) with pore size of 0.2 µm and on 
3 mm TEM grids placed directly on the PMF. Two TEM grids (G1 and G2, carbon-
coated Formvar film and pure carbon film on 200 mesh Cu grids), placed at a radial 
distance of 6.5 mm from the PMF centre, were used and called “sample A” (Figure 
3.2) for TEM and AFM measurements. After sampling, PMFs were cut for TEM 
(piece P1, Figure 3.2) and SEM (Piece P2, Figure 3.2) analysis.  
 
 
Figure 3.2. Description of the sampling methods used for TEM and SEM analysis. The associated 
nomenclatures are indicated for sample A (at the left) and sample C (at the right) 
 
Preliminary tests showed that particle density on the filter is higher than for 
TEM grids. Therefore, other PMFs without TEM grids and with lower particle 
density were used to avoid particle overlaps (sample C, Figure 3.2). Each sampling 
laboratory produced three A and C samples (F1, F2 and F3) for SEM and TEM 
measurements in order to study the repeatability of their sampling process. 
Moreover, several laboratories had the opportunity to transfer nanoparticles first 
deposited on A and C PMF samples to TEM grids (g1 and g2, respectively, on 
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carbon-coated Formvar films and pure carbon film on 200 mesh Cu grids) via its 
dissolution (Figure 3.2) in order to estimate the impact of this method on the 
measurement.  
For samples A, sampling times of 10 and 5 hours were used, respectively, for 
aerosols OP and DP, in order to obtain good nanoparticle density (~20-50 
particles/µm²) on the TEM grids and no particle overlaps. For samples C, sampling 
times of 12 and 15 min were used, respectively, for aerosols OP and DP, in order to 
obtain particle densities of 15–30 particles/µm² on the PMF. 
Storage conditions and sample transport 
After sampling, each filter was placed in a numbered polypropylene petri dish 
(Petrislides type) for storage and transport. TEM grids were placed in numbered 
holes of a grid box. The shiny side was turned towards the left side of the holes wall. 
Mica substrates were prepared for transport and AFM measurements by sticking 
them to steel discs (20 mm metal specimen discs, Ted Pella). The samples were 
transported in an atmosphere with a relative humidity below 30 % in vacuum plastic 
boxes in order to prevent pollution from ambient air. The boxes were equipped with 
a magnetic tape at the bottom to attach the steel discs and to facilitate easy removal. 
The sample batches were stored under dark conditions in vacuum boxes with bubble 
packs to reduce shocks and vibrations during transport. 
Off-line technique inter-laboratory comparison organisation 
Each sampling laboratory collected three samples (M, G, F, see 
section “Sampling methods”) of A, B, C, and D sample types, for at least two 
different AFM, TEM, and SEM microscopy laboratories, in order to study 
homogeneity, repeatability of the sampling, and inter-laboratory  variability of the 
measurement methods applied in each microscopy laboratory [44]. AFM laboratories 
analysed some TEM grids (from TEM laboratories) only for A and B samples. 
3.2.3 Off-line microscopy analysis 
Atomic force microscopy 
After their generation and sampling on either mica or grids, PSDs of airborne 
SiO2 nanoparticles were determined by AFM. The maximum particle height ha was 
chosen as the measurand for the particle size, and was supposed to be equal to the 
diameter da in the case of spherical particles. The height should be taken on the 
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particle apex relative to the surrounding substrate surface. Two reference AFM 
samples were used to establish metrologic comparability: ( 1) - a calibrated height 
standard, consisting of a grating with a calibrated step height and corresponding 
expanded uncertainty of 41.2 ± 0.7 nm, and (2) - a reference particle sample 
composed of monodisperse spherical polystyrene latex particles (3050A, Thermo 
Fisher Scientific), with a mean diameter of 46 ± 2 nm certified by TEM. These 
reference samples were circulated to all participants for the purpose of calibrating 
their AFM and to provide a common reference for the comparison. One sample of 
each aerosols OP and DP, called M* and collected on mica plates, was circulated to 
three AFM laboratories (AFM 1, 2 and 4) for comparison. 
AFM measurement protocol: 
Measurement method and AFM set-up were chosen according to the best 
practice used by the participants. The AFM resolution was chosen to give a 
corresponding pixel side length of approximately 4 nm, which led to a reasonable 
lateral resolution for a 25 nm particle. The resolution in the z direction was estimated 
to be better than 1 nm for all participants. A scan range of approximately 2 x 2 µm at 
a time was measured for an AFM image size of 512 x 512 pixels. Tapping or 
intermittent mode was preferred to scanning in contact mode, since particles on 
substrates were more easily detached by the AFM tip in contact mode. However, use 
of a soft cantilever could reduce this risk even during contact mode. Supersharp tips 
were recommended for better image resolution, but not required, since the measured 
particle height was largely independent of tip shape. 
In order to allow a reasonable statistical evaluation of the PSD, a minimum of 
400 measured particles per sample was recommended with a number of images 
based on the expected particle density. The set 1 reference grating with the step 
height of 41.2 nm was measured once. The scan range was set to 20 µm x 20 µm. 
The measured height of the step was determined according to ISO 5436 and reported 
together with the expanded uncertainty. The AFM parameters for each laboratory are 
given in Table 3.4 in Appendix. 
AFM result treatment: 
The heights of the measured particles (at least 400) in all images were recorded 
and each image was levelled to obtain a substrate surface parallel to the x-y plane. 
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This could be accomplished by a first order plane fit which was subtracted from the 
complete image. Ideally, only the substrate pixels were used for this levelling. The 
size of each particle was assessed by the height of the highest point of the particle. 
Further techniques such as line-wise levelling can be appropriate if the scanning is 
exposed to instrumental drift. Note that the line-wise levelling required a fit limited 
to the substrate pixels only, as many particle pixels per scan line might lead to a bias. 
As the reference surface was sufficiently flat with only little surface roughness, a 
second or third order model for the levelling could be considered by the involved 
laboratories. 
AFM measurement uncertainty evaluation: 
The measurement uncertainty was estimated by each participant according to 
their measurement methods, data processing and the instruments implemented for the 
comparison. The measurement protocol used for the determination of the particle 
heights requires an estimation of the height level of the sample substrate that serves 
as a reference surface, as well as the measurement of the maximum height on each 
particle. Obviously, this method is very sensitive to the noise level along the Z 
direction, and to a larger extend, also to the roughness of the samples. Concerning 
the latter point, freshly cleaved mica substrates possess an atomically flat surface 
with a very low roughness that can be neglected in the uncertainty budget. However, 
this is not the case for the grids or filters used to deposit the nanoparticles during 
most of the aerosol sampling experiments. For these substrates, the surface roughness 
becomes clearly the main contributor for the measurement uncertainty. Another 
significant source of uncertainty is related to the individual calibration of the 
different instruments with the transfer standard used during the comparison. 
Scanning Electron Microscopy 
After their generation and sampling on PMF substrates, PSD of the SiO2 
airborne nanoparticles were measured by SEM. Modern SEM operated with very 
finely focusable electron beams (such as cold field emission gun), or working at low 
electron beam voltages (so that electrical charging of insulating specimens becomes 
insignificant) or with electron detectors of higher sensitivity (such as “In-Lens” or 
“Through-the-Lens” detectors) can enable accurate analysis of nanoparticle sizes 
well below 100 nm. As presented in Table 3.5 in Appendix, a diverse range of SEM 
instrumentation was employed by the participants, but it is representative of the most 
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commonly used microscopy techniques for the characterization of specimen surface 
morphology at the nanometre scale. As sources, electron guns such as tungsten (well-
known for providing electron beams of poor resolution) and (cold or thermally 
assisted) field emitters (ensuring high resolution) were used. As detectors, both 
conventional Everhardt-Thornley (ET) and “In-Lens” and “Through-The-Lens” 
detectors were used. 
Taking into account differences in instrumental performances between the 
microscopes used, only three relevant constraints were imposed: (1) accelerating 
voltage: a range of 1 to 30 kV was chosen. Depending on equipment, the high-
resolution low-voltage operation mode was preferred to the conventional high-
voltage mode, with the aim of avoiding electrical charging effects that necessitate 
coating with a thin conductive film, (2) a magnification between x250000 and 
x300000 was chosen. However, it was possible to choose another magnification 
between x50000 and x300000 depending on the individual constraints of laboratories 
to take images of about 500 or 1000 nanoparticles, (3) the image magnification 
calibration was performed with nanoparticle CRMs having a mean diameter similar 
to those of the SiO2 nanoparticles. Such CRMs of nanoparticles in aqueous 
suspensions were distributed by the SMPS4 lab to all participants: (i) Polystyrene 
Latex Spheres (PSL) with mean diameter of 81 ± 3 nm certified by TEM (3080A, 
Thermo Fisher Scientific), (ii) two reference materials of gold nanoparticles with 
mean diameters, measured using SEM, of 26.9 ± 0.1 nm and 54.9 ± 0.4 nm (RM 
8012 and RM 8013, NIST) which did not require a conductive coating. Further 
useful instrumental parameters for each laboratory are given in Table 3.5. 
Sample preparation for SEM analysis: 
After particle collection on PMF and before SEM analysis, a thin film of Au, 
Ag, Pt or Pd was sputter deposited in order to ensure an electrically conductive 
surface and to avoid surface charging under electron bombardment at high 
accelerating voltages. For laboratories equipped with a low-voltage microscope, the 
influence of the coating on particle size measurements was assessed. Both the PSL 
calibration and the airborne particle measurements (aerosol OP and DP) were 
performed under the same conditions to enable comparison of the measurement 
results with and without coating. This constitutes one way of estimating the 
measurement uncertainties due to the applied coating. 
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SEM measurement protocol: 
In order to check the uniformity of the particle collection over the whole 
sample area, a preliminary survey of the PMF sample with the deposited 
nanoparticles was performed. It was determined that the average distance between 
neighbouring particles should not be shorter than their average diameter, in order to 
avoid overlaps which made the correct identification impossible.  
For aerosol OP, about 500 particles were measured, while about 1000 particles 
were measured for aerosol DP. It is important to avoid overlaps between the scanned 
areas of different SEM microphotographs and it was necessary for the scale bar to be 
visible on each microphotograph. If coating was used, a thickness correction 
including measurement uncertainties was applied. 
SEM results treatment: 
ImageJ software [45, 46] was used for processing and analysis of the SEM 
images. Other equivalent softwares (e.g. Image Pro Plus or functionality incorporated 
in the SEM software package) were used for particle image treatment (see Table 3.5). 
Particle diameter was defined as the mean length (L) and the width (l) of ellipses 
circumscribing particles (method used to determine the shape of the particle). For the 
ellipse as a circle case, only conventional diameter was determined. Other parameters 
such as perimeter and area were also given. The mean, mode, and standard deviation 
(SD) of the diameter distribution for each sample were then calculated. For the case 
of a bi-modal size distribution, the peak and the area ratios were also reported. 
Obvious imaging artefacts were eliminated manually. 
SEM measurement uncertainty evaluation: 
Contributions of the image magnification calibration uncertainty as well as of 
the coating thickness were taken into account for the evaluation of the measurement 
uncertainty. Selection of threshold in the greyscale images was of decisive 
importance for an accurate delimitation of the nanoparticles in the evaluation of the 
diameter measurement uncertainties. It is important to note that the data reduction 
software required the redefinition of the pixel size of each particular micrograph. 
Methodology for TEM analysis 
After the particle generation and sampling on TEM grids and PMF substrates, 
the particle size was measured by TEM. The TEM laboratories involved in the inter-
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laboratory comparison used two types of instruments: (1) TEMs with thermo-ionic 
electron sources (tungsten (W) or lanthanum hexaboride (LaB6) filaments) operated 
at 100 and 200 kV, (2) TEMs with Schottky-type field emission sources (FEG) 
operated at 200 and 300 kV. As seen in Table 6, the spatial resolution of all the 
involved instruments was at the same level, i.e. about 0.2 nm. Moreover, the 
laboratories performed imaging used the same imaging mode, i.e. bright field TEM 
(BFTEM). Digital BFTEM images were recorded on CCD cameras of with detectors 
ranging from 1024×1024 to 4008×2672 pixels. 
TEM acquisition protocol: 
Taking into account the difference between the involved microscopes types, 
three important parameters were imposed: (1) accelerating voltage: a range of 100kV 
or 200kV (depending on the equipment) was chosen, (2) magnification: the preferred 
magnification range was between x250000 and x300000. However, imaging at 
differing magnifications (x50000 - x300000) was allowed depending on the 
laboratories constraints to perform the images of 500 or 1000 nanoparticles. (3) TEM 
calibration was performed using CRMs. PSL CRMs were certified by TEM 
(46 ± 2 nm (3050A, Thermo Fisher Scientific), 81 ± 3 nm (3080A, Thermo Fisher 
Scientific)) in aqueous dispersion for direct deposition on TEM grids. Another RM 
was an aqueous dispersion of gold nanoparticles (RM 8012 and RM 8013, NIST; 
mean diameters, measured by TEM, equal to 27.6 ± 2.1 nm and 56.0 ± 0.5 nm, 
respectively). A third CRM was a gold grating replica on a copper TEM grid (2160 
lines/mm). All the acquisition parameters employed by the laboratories of the TEM 
inter-laboratory  comparison are presented in Table 3.6. 
Sample Preparation for TEM analysis: 
For off-line TEM imaging, 200 mesh standard copper grids, covered with 
Formvar/carbon film and with carbon only, were chosen.  Three methods for 
deposition of SiO2 nanoparticles onto the grids were employed: (1) Type A sampling 
(direct sampling on TEM grid): SiO2 nanoparticles were simultaneously deposited on 
PMF and on TEM grids placed beneath a membrane, (2) Type B sample (direct 
sampling on TEM grid): NAS sampling on one TEM grid, (3) Type C sampling 
(indirect sampling): nanoparticles were first deposited on a PMF from which they 
were transferred to TEM grids via its dissolution according to Sébastien et al. [47], 
by the Environmental Protection Agency procedure [48], and Spurny [49].  
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After sampling, a piece of PMF was coated with a thin graphite film by 
vacuum evaporation, placed on TEM grid, and partially dissolved using CHCl3 (ultra 
pure 99 %). In this way particles are sandwiched between PMF and evaporated 
graphite film. This dissolution was realized using: (i) a thermostatic bath at 55°C for 
about eight hours, (ii) a petri dish at room temperature for about 24 hours, (iii) a low 
vacuum for about 10 min. Sampling on TEM grids by each of the sampling 
techniques listed above are ready for further direct observation in TEM, i. e. without 
need of any additional preparation step. This is not exactly the case with the SEM 
imaging, which, depending on the type of SEM instrument employed, may require 
the application of a conductive coating to the as-sampled specimens. 
TEM measurement protocol: 
A preliminary scanning of the entire grid was performed in order to check the 
particle distribution and the collection uniformity. As with the SEM measurement 
protocol, the average distance between neighbouring particles should not be shorter 
than their average diameter to avoid overlaps. Since expected size distribution of 
nanoparticles was in a range between 20 and 100 nm, magnifications of x50000 to 
x300000 were recommended. For aerosol OP, about 500 particles were measured 
while about 1000 particles were measured for aerosol DP. It was important to 
prevent overlaps between the scanned areas of different TEM microphotographs and 
it was necessary that the scale bar be visible on each microphotograph recorded in at 
least ten random 90 x 90 µm squares of the grid. 
TEM results treatment: 
The result treatment of TEM were identical than the SEM result treatment (see 
“Scanning electron microscopy”). 
TEM measurement uncertainty evaluation: 
Calibration of image magnification and the TEM grid mounting (the sampling 
side mounted towards the electron gun) were taken into account for the measurement 
uncertainty. To ensure correct grid orientation, each grid box sent to participants 
contained clear identification of the mounting side of TEM grids. An additional post-
acquisition uncertainty that originated from the diameter measurement uncertainty, 
which depended on the accuracy of thresholding to digital greyscale TEM images, 
was also included. 
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3.3 RESULTS AND DISCUSSIONS OF INTER-LABORATORY 
COMPARISON 
3.3.1 On-line measurements 
Figure 3.3 shows two examples of PSD results plotted as a function of the 
logarithmic electrical mobility diameter of airborne particles, for aerosols OP (left 
side) and DP (right side). The y-axis (dN/dlog(dm)) represents the number 
concentration of the collected particles divided by the width (in logarithmic scale) of 
different channels of the diameter measurement. The mean and mode diameter 
values of size distributions with the different associated uncertainties (σR standard 
deviation of reproducibility, u combined standard measurement uncertainty and U 
expanded uncertainty with the coverage factor k = 2), obtained by the different 
participants for aerosols OP and DP in this inter-laboratory comparison, are 
presented in Tables 3.7 and 3.8 in Appendix. 
For aerosol OP, the standard deviations for repeatability and reproducibility are 
less than or equal to 1 nm and the expanded uncertainties below 4 nm. Different 
diameter ranges were investigated to determine the mean diameter. The first range is 
close to the peak in order to decrease the influence of the different artefacts due to 
impurity particles created during the generation (fine particles below 20 nm) and/or 
doublet particles. The second range corresponds to the total DMA range in order to 
detect all produced particles. 
 
 
Figure 3.3. Examples of size number distribution obtained using the generation setup and SMPS size 
characterization of SiO2 airborne nanoparticules for aerosols OP (left side) and DP (right side) 
 
 Chapter 3: Size characterization of airborne SiO2 nanoparticles with on-line and off-line measurement 
techniques: an inter-laboratory comparison study 75 
The aerosol generation systems used (atomizer and electrospray) were 
optimized in order to produce primary SiO2 particles without agglomeration. 
Most of the mean diameters obtained by all laboratories for the aerosol OP 
(Table 3.7), with different operating modes and data analysis, lie between 32 and 36 
nm, except for results from laboratory SMPS3 (mean diameter of 43 nm). The mode 
diameters are between 35 and 37 nm. The values of the mode diameter do not change 
for different choices of the size ranges and the statistics laws. Results from 
laboratory SMPS4 are presented in Table 3.7 for aerosol OP (scanning 1 and 2) and 
show that the different ranges used to determine the mean diameter lead to a 
difference of only 2 nm with an atomizer system. This difference was reduced to 
0.6 nm with an electrospray system, obtained by laboratory SMPS5 for two different 
ranges and two different operating conditions (scanning and stepping). A difference 
of 2 nm is also obtained by laboratory SMPS2 if a Gaussian law is used rather than 
the mean diameter given by the AIM software.  
Table 3.8 presents the results obtained for the mean and mode diameters for 
both aerosol DP populations (the minor and major population respectively). The peak 
and area ratios of these two populations are also presented. Most of the standard 
deviations for repeatability and reproducibility are below 1 and 0.6 nm for the first 
and the second populations, respectively. Only the repeatability and reproducibility 
standard deviations obtained by laboratory SMPS3 for the mode diameter of the first 
population are higher (5 and 6 nm, respectively). The expanded uncertainties are 
respectively below 13 and 4 nm for first and the second populations. For the first and 
second populations, the mean and mode diameters obtained by all laboratories, with 
different operating modes and data analysis, are comprised between 39 and 46 nm, 
and between 82 and 88 nm, respectively. Some results, such as those for laboratory 
SMPS4, show that the range used to calculate the statistic diameters with the same 
data could lead to a difference of 5 nm for the mean diameter; no difference was 
observed for the mode diameter. The results show that the operating modes (stepping 
or scanning) with two different ranges lead to a difference of 2 nm for mean and 
mode diameters of the first population, and to 4 nm for the mode of the second 
population. The peak ratios (peak intensity obtained for the mode of the first 
population divided by peak intensity obtained for the mode of the second population 
in %) are mostly between 16 and 21 %, except for the ratios from laboratories 
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SMPS1 and SMPS3, with 52 and 40 % respectively. The area ratios (ratio in particle 
number concentration between the first and the second populations in %) are slightly 
higher than the peak ratios with results between 18 and 63 %. The smallest ratio is 
obtained by laboratory SMPS5 using electrospray as a generation system. This could 
be due to a reduction of the number of residual and agglomerated particles with 
electrospray, compared to atomizer generation. 
Figures 3.4a and 3.4b present, respectively, the measured aerosol OP and 
aerosol DP mean diameters. The total average mean and mode diameters with +/- 
two inter-laboratory  standard deviations are 35.1 ± 6.4 nm and 35.4 ± 2.0 nm for 
aerosol OP, 44.0 ± 4.0 nm and 44.2 ±  5.3 nm for the first aerosol DP population; and 
85.0 ± 4.1 nm and 83.1 ± 3.4 nm for the second aerosol DP population (Tables 3.1 
and 3.2). The results of mean and mode diameters are included in the intervals of the 
associated two inter-laboratory  standard deviations (Figures 3.4a, 3.4b and Tables 
3.7, 3.8), except for the mean diameter OP from laboratory SMPS3.  
A significant effort was made to produce a stringent common protocol, both for 
aerosol generation and for SMPS measurements. However, differences remain 
between laboratories for the aerosol generation and measurement equipment and 
conditions such as CPC choice, DMA flow conditions, data processing, and also 
diffusion and charge corrections. Therefore, the low standard deviations of 
repeatability and reproducibility, obtained for each laboratory, show some variation 
in the results due to differences between the applied protocols. Concerning the 
scanning mode operation, the influence of different aerosol generators, DMA flow 
conditions, and the presence or absence of diffusion and charge corrections were 
investigated to evaluate measurement uncertainty components and to calculate the 
expanded uncertainty. All laboratories results (mean and mode diameters) for aerosol 
OP and DP, except for the mean diameter OP from laboratory SMPS3, are in 
agreement with each other using the combined standard measurement uncertainty, 
and in even better agreement using the expanded uncertainty with the coverage factor 
k = 2  (Tables 3.7 and 3.8).  
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Aerosol OP 
 
(a)- SMPS 
 
Aerosol DP 
 
(b)- SMPS 
 
 
(c) - AFM 
 
(d) - AFM 
Figure 3.4. SMPS measurement results for aerosol OP (a) and aerosol DP (b) mean diameters. AFM 
measurement results of the mean diameters of aerosols OP (c) and DP (d) samples for various 
substrates and samples of each measurement laboratory associated with the sampling laboratory 
(SMPS2, SMP3, and SMPS4). Filled and empty squares represent the G and N grids, respectively. 
Triangles represent samples on mica substrates. SEM results of the measurement of the mean 
diameters for aerosols OP (e) and DP (f) samples of each measurement laboratory associated with the 
sampling laboratory (SMPS2, SMP3 and SMPS4). Filled and empty squares represent measurements 
with and without coating, respectively. TEM measurement results of the mean diameters of aerosols 
OP (g) and DP (h) for various samples of each measurement laboratory associated with the sampling 
laboratory (SMPS1, SMPS2, SMP3 and SMPS4). Filled and empty squares represent the G and N 
grids, respectively. Empty triangles represent the “g” grids transferred from a PMF sample to grids. 
Error bars indicate the expanded uncertainty (k=2). The solid line represents the total average within a 
band of ± two inter-laboratory  standard deviations (dashed lines) 
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(e) - SEM (f) – SEM 
 
(g) - TEM 
 
(h) - TEM 
Figure 3.4 continued 
 
 
Averaged mean 
diameter dp (nm) 
2 x SD (nm) Averaged mode diameter dp (nm) 
2 x SD (nm) 
SMPS 35.1 6.4 35.4 2.0 
TEM 35.1 7.4 35.6 7.6 
SEM 39.0 14.2 38.3 14.1 
AFM 30.3 3.7 30.4 5.1 
Table 3.1. Average mean and mode diameter of aerosol OP. SD corresponds to the calculated standard 
deviations of the average measurements of all SMPS, SEM, TEM, and AFM laboratories involved in 
this inter-laboratory comparison 
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 First population Second population 
 
Averaged 
mean 
diameter  
dp (nm) 
2 x SD 
(nm) 
Averaged 
mode 
diameter 
dp (nm) 
2 x SD 
(nm) 
Averaged 
mean 
diameter  
dp (nm) 
2 x SD 
(nm) 
Averaged 
mode 
diameter 
dp (nm) 
2 x SD 
(nm) 
SMPS 44.0 4.0 44.2 5.3 85.0 4.1 83.1 3.4 
TEM 42.9 9.0 43.7 11.9 86.3 12.3 88.1 12.0 
SEM 46.6 15.1 47.0 13.8 89.8 20.4 91.1 19.8 
AFM 36.2 7.1 39.2 6.8 80.2 5.0 81.0 5.3 
Table 3.2. Average mean and mode diameter of both populations of the DP aerosol. SD corresponds 
to the calculated standard deviations of the average measurements of all SMPS, SEM, TEM, and AFM 
laboratories involved in this inter-laboratory comparison 
 
The repeatability/reproducibility and measurement uncertainties obtained in 
stepping mode operation by laboratory SMPS5 are smaller than those for the 
scanning mode (Tables 7 and 8). The stepping mode expanded uncertainties were 
evaluated by taking into account other uncertainty sources such as reference particle 
diameters, DMA voltages, slip correction, and fitting function choices, charge 
correction and Brownian motion effects. The results obtained by stepping mode with 
an electrospray generator, which integrates a correction using the reference particle 
diameter (CRM), are in good agreement with scanning mode and correspond to a 
more accurate value. 
3.3.2 Off-line measurements 
Atomic Force Microscopy 
The diameter of the nanoparticles was determined by their apex heights above 
the substrate surface, assuming spherical nanoparticles. The diameters of the airborne 
nanoparticles were measured on four different substrates by four participants (Figure 
3.4c and Table 3.9 in Appendix) for the aerosol OP and by three participants for the 
aerosol DP (Figure 3.4d and Table 3.10 in Appendix). Tables 3.9 and 3.10 in 
Appendix present the mean and mode diameters values, the standard deviation of the 
obtained PSDs for the different labs for aerosols OP and DP with the different 
associated uncertainties. The same sample on a mica substrate, indicated by “M*”, 
performed by laboratory SMPS4 (Table 3.9 and 3.10), was measured by laboratories 
AFM1, 2 and 4. 
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Typically, 100–500 particles were measured by each participant. For aerosol 
OP, good metrological compatibility of the participant results is shown.  
Most of the mean diameters for the aerosol OP are comprised between 27 and 
33 nm (cf. Figure 3.4c), except for result from laboratory AFM4 (mean diameter of 
35 nm). The mode diameters are between 27 and 33 nm (Table 3.9 in appendix). The 
expanded uncertainties associated to mean and mode diameters for aerosol OP are 
below 7 nm. For the first and second aerosol DP populations, the mean diameters are 
respectively comprised between 32 - 42 nm and 78 - 85 nm (cf. Figure 3.4d). 
Concerning the aerosol DP mode diameters, the results are comprised between 36 - 
45 nm and 78 - 86 nm. The expanded uncertainties of both statistic diameters for the 
first and second populations are below 5 nm. AFM results for aerosols OP and DP 
show a good agreement between all laboratories. The mean and mode diameters with 
its associated expanded uncertainties are comprised in the band represented by the 
average with ± two inter-laboratory standard deviations, i.e. 30.3 ± 3.7 nm and 30.4 ± 
5.1 nm for OP aerosol. In the case of aerosol DP, these diameters are also comprised 
in the average bands with ± two inter-laboratory  standard deviations, i.e. 36.2 ± 7.1 
nm and 39.2 ± 6.8 nm for the first population and 80.2 ± 5.0 nm and 81.0 ± 5.3 nm 
for the second one respectively (Figures 3.4a and 3.4b, Tables  3.9 and 3.10 in 
Appendix). 
No significant difference was observed between the NAS grid samples: sample 
B, NAS mica (sample D), and the grid deposited on PMF (sample A). In general, a 
cleaved mica substrate provides an ideal, atomically flat reference surface for the 
measurement of particle diameters. We observed that the smallest measurement 
uncertainties of the mean particle diameters were obtained with the mica. Other 
substrates, such as grids or filters, show RMS surface roughness between 
approximately 1 and 10 nm. These roughness values have a significant impact on the 
measurement uncertainties. The expanded uncertainties can become as large as the 
95 % percentile of the distribution of measured mean values, or even exceed it. The 
variations of peak and area ratios between both populations for the aerosol DP were 
mainly between 25 and 80 %, except for one measurement.  
Scanning Electron Microscopy 
Most commercial sputter coaters suggest coating thickness values which shall 
be reached when the coating applied runs under well-defined, recommended 
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controlled conditions. Nevertheless, it was also stated that these given thickness 
values are rough estimates, so that a calibration of an accompanying witness 
specimen (silicon wafer) and separate traceable measurement of the coating 
thickness must be undertaken. 
When the low-sputtering mode was used, the coating mean grain size reached 
typically about 2 nm for Au and about 1.7 nm for Au/Pd. The resulting well-known, 
irregular cauliflower-like structure is clearly visible in Figure 3.5 (left) compared to 
uncoated samples Figure 3.5 (right). The particle coating thickness was not 
necessarily the same as the one obtained on a flat surface. Therefore, accurate 
determination of the applied coating layer thickness was a challenging task which 
generated the most significant uncertainty contribution to the size measurement that 
may even exceed 10 nm.  
 
 
Figure 3.5. SEM micrographs of aerosol OP specimen of type C (PMF as a support): coated with 10 
nm Au (left); note the “cauliflower-like structure” of the Au coating altering the real size of the 
nanoparticles, and uncoated specimen sampled by the same laboratory 
 
The data reduction by image processing consisted firstly of the accurate 
“takeover” of the calibrated magnification, i.e. of the pixel size, associated with 
every individual SEM micrograph. Depending on the image processing software 
employed, the most significant part involving propagation into the measurement 
uncertainty was setting the threshold for the particle delimitation. No unique 
procedure was recommended in the present study but it was noted that the higher the 
quality of the acquired SEM micrograph was, the lower the uncertainty associated 
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with the threshold setting becomes. In other words, it was highly recommended to 
invest the time to obtain a high-quality SEM micrograph. On the other hand, artefacts 
such as a slight oversaturation of the signals acquired with an In-Lens detector were 
observed by the participants. This contributes to an overestimation of the particle 
size. It was established that the particular mathematical/software procedures 
employed for determining the particle size (such as binarisation or application of a 
“despeckle” algorithm for removing noise) may also lead to significant measurement 
uncertainty contributions. The “safest” way to get a realistic setting of the threshold 
is to simulate (by Monte-Carlo methods) SEM images similar to those which have 
been measured and to derive the corresponding particles size. Such pioneering work 
is challenging, but was recently successfully performed by Buhr et al. [50]. 
Agglomerates of two or more nanoparticles or artefacts/defects of the support 
membrane were manually removed by some laboratories. Due to the coating applied 
by most of participants, it was realized that the image contrast caused by the 
pronounced surface morphology is quite similar to that of the nanoparticles sampled 
on PMF. Additional filtering (-out) options of the image processing software had to 
be taken into consideration, resulting in an increase of the particle size measurement 
uncertainty. All the image processing steps together could induce uncertainties in 
determination of nanoparticle size of a few nanometres. Poorly acquired images (due 
to low performance instrumentation or an operator fault) lead to unacceptable size 
measurement uncertainty. The best supporting evidence constitutes the fact that only 
some participants could observe the aerosol OP specimens. However, with respect to 
the metrological purposes of the present study, they could not be resolved, i.e. no 
values are given in the Table 3.11 in Appendix. But the populations belonging to 
aerosol DP specimen could be resolved by all the participants. 
Figure 3.6 shows a typical SEM micrograph taken during the inter-comparison 
with the most important sequence in data reduction, namely the setting of the 
threshold. The SEM results obtained from all SEM laboratories are presented in the 
overview Tables 3.11 and 3.12 for aerosols OP and DP with the associated 
uncertainties. 
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Figure 3.6. SEM micrograph example for aerosol DP sample of type C coated with about 10 nm Au 
(left) and image processed after pixel calibration with ImageJ software (right). Most touching particles 
have been eliminated manually from the data reduction (see the red crosses). One should note that this 
example is a rather unfavourable one due to the relative large fraction of touching particles, however, 
it was deliberately chosen in order to illustrate the “manual” intervention during image processing. An 
automatic image processing would have produced significantly worse results 
 
The SEM results are in quite good agreement for the mode and mean values for 
both aerosol types. A second result is the good reproducibility of the values obtained 
by each laboratory. Standard deviations exceeding 10 nm were calculated only in the 
case of one laboratory, and no significant differences were found. The main sources 
of uncertainties discussed in the uncertainty section (“Scanning electron microscopy” 
section) range from 4 to 32 nm. Naturally, the smallest associated uncertainties of 
only 4-5 nm are those given by the laboratories having not necessarily applied a 
coating in order to measure without surface charging. The large uncertainty value of 
32 nm was from a particular laboratory which had not corrected at all for the coating 
thickness. The reproducibility of the laboratory results, corresponding to twice 
standard deviation, was calculated from measuring the same set of three different 
samples SMPS laboratory sampling. In the case of the measurement without coating, 
2SD reproducibility differences between the mean diameters do not exceed 2 nm for 
the nanoparticle population of lower size, and below 4 nm for the case of the 
population of nanoparticles of larger size. The associated uncertainty expressed as 
the double standard deviation ranges from one third of the mean value for the two 
populations with quite similar, smaller size, to about a fifth of the mean value of the 
population with the larger size. 
Seven measurement laboratories were involved in the SEM analysis. Figures 
3.4e and 3.4f show the measured mean diameter values, with expanded uncertainties 
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(k = 2), for aerosol OP and DP. The PMF sample (sample C) was analysed as coated 
and uncoated aerosol particles (filled and empty squares, Figures 3.4e and 3.4f). 
Concerning the diameter measured from the coated sample, laboratories SEM4 and 5 
did not take into account a correction factor for coating thickness, but included this 
correction in the uncertainty calculation. Only laboratory SEM6 applied a correction 
of 20 nm for the mean and mode diameters of both aerosols OP and DP, while 
laboratories SEM1 and 2 applied a correction of 5 and 26 nm, respectively, for 
aerosol DP mean and mode diameters. The expanded uncertainty was calculated as 
the root mean square of the square sum of SD reproducibility and an uncertainty 
which depends on several instrumental parameters such as magnification calibration, 
coating thickness and pixel calibration/threshold image selection. The reproducibility 
alone cannot explain the inter-laboratory result differences (cf. Tables 3.11 and 3.12), 
however, taking into account the expanded uncertainty, the laboratory results are in 
agreement. For aerosol OP, mean and mode total average diameters within a band of 
± two inter-laboratory standard deviations are 39.0 ± 14.2 nm and 38.3 ± 14.1 nm, 
respectively (Figure 3.4e and Table 3.1). For aerosol DP, these values are, 
respectively, 46.6 ± 15.1 nm and 47.0 ± 13.8 nm for the first population and 
89.8 ± 20.4 nm and 91.0 ± 19.8 nm for the second one (Figure 3.4f and Table3.2). 
The two inter-laboratory standard deviations were higher compared to the other 
techniques (SMPS, TEM and AFM) due to the measurement results with and without 
coating, and mainly due to values without correction of coating. 
For example, laboratory SEM3 determined a mean diameter with an expanded 
uncertainty (k=2) of 45.1 ± 4.2 nm and 82.5 ± 4.1 nm for the first and second 
population of aerosol DP without coating, respectively. These values can be 
compared to the corresponding results from laboratory SEM7 which are 43.8 ± 
6.1 nm and 83.2 ± 5.6 nm. Higher differences were obtained by laboratory SEM1 
(57.6 ± 10.1 nm and 100.3 ± 10.2 nm), where PMF samples were Pt coated by taking 
into account a correction of 5 nm. For aerosol DP, peak and area ratios between first 
and second population maximum intensities were calculated for each measurement. 
These peak ratios vary between 15 and 62 % and a similar variation for the area 
ratios was obtained between 10 and 59 %.  
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Transmission Electron Microscopy 
Proper mounting of a grid, the optimized usage of CCD camera dynamic range 
in TEM digital imaging, and the effect of objective aperture on BF TEM image of 
silica NPs were considered due to their influence on the imaging procedure. The grid 
should be oriented with its “face” surface towards the electron source. This fact was 
specifically stressed in the measurement protocol and was found to have sufficient 
effect on final size values calculated from TEM BF images. Adjustment of 
contrast/brightness parameters for the recording device (CCD camera) provides 
optimal usage of the whole matrix of the CCD camera and eliminates “dead pixels” 
(where information is lost because of under- or over-saturation). It is also well-
known that under the smaller objective aperture the BF TEM image acquires stronger 
contrast. Therefore acquisition of BF TEM images with objective aperture inserted 
was recommended.  
Numerical data about sizing of silica nanoparticles were obtained via post-
acquisition processing of digital BF TEM images. The true geometry of 
nanoparticles was found to be imperfect (Figures 3.7 a,b), i.e., observed deviations 
from spherical morphology were pronounced enough to render the recommended 
circumscribing with an ellipse inaccurate. In addition, automated particle 
delimitation based on grey level threshold was found to be not accurate enough. 
  
 
Figure 3.7. BF TEM images for (a) aerosol OP and (b) aerosol DP 
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Seven measurement laboratories participated in the TEM inter-laboratory 
comparison study, each with different instrument specifications and methods for 
processing the measurement data. For the calibration procedures used by the 
participants of this inter-laboratory comparison (Table 3.6 in Appendix) a larger 
uncertainty of about 3% was taken into account. The expanded uncertainty was 
calculated as the root mean square of the square sum of SD reproducibility of each 
laboratory and the uncertainty component of about 3 %. Results of TEM based on 
size measurement of aerosol OP and DP are presented in Tables 3.13 and 3.14 in 
Appendix.  
Figure 3.4g presents the mean diameter values obtained by TEM laboratories 
for the aerosol OP. In the same way, Figure 3.4h presents aerosol DP measurements. 
The results showed that mode and mean diameter values were very close, without 
taking into account the diameters obtained from grid “g” measurements,. The 
expanded uncertainties associated to mean diameters for aerosols OP and DP are 
below 5 nm. 
For aerosol OP, the total average of mode and mean diameters within a band of 
± two inter-laboratory  standard deviations are 35.6 ± 7.6 nm and 35.1 ± 7.4 nm, 
respectively (solid and dotted lines, Figure 3.4h and Table 3.1). Mode and mean total 
average diameters are respectively 43.7 ± 11.9 nm and 42.9 ± 9.0 nm for the first 
aerosol DP population, and 88.1 ± 12.0 nm and 86.3 ± 12.3 nm for the second 
population (Table 3.2). These total averages were calculated without taking into 
account the diameters obtained from grid “g” measurements, i.e., the nanoparticles 
transferred from a PMF sample to grids, since a significant difference was obtained 
for the diameter measurement results in this case. For example, laboratory SMPS4 
obtained an averaged mean diameter of 53.6 ± 1.2 nm for aerosol OP from grid “g1” 
measurements (empty triangles, Figure 3.4g), while a value of 36.8 ± 0.6 nm was 
obtained from measurements on grid “G1” performed on the same sample A, i.e., a 
difference of about 16.8 nm between the two measurement types. Similar differences 
were observed for aerosol DP. Therefore, a transfer of NPs initially deposited on 
nucleopore membrane onto a TEM grid may increase their size by 50 % for the 
aerosol OP of the first aerosol DP population and 25 % for the second aerosol DP 
population. This increase seems to occur due to the evaporated graphite film and the 
chloroform dissolution used during the transfer of NPs on nucleopore membrane 
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onto a TEM grid. However, no significant difference was observed between 
measurements of samples B (TEM grid + NAS sampling) and A (grids on PMF 
sample). This can be seen in Figures 3.4g and 3.4f by comparing filled and empty 
squares (grids N and G, respectively) for a specific sampling laboratory. For 
example, the average mean and mode diameters of 36.8 ± 0.6 nm and 37.3 ± 0.3 nm 
obtained by laboratory TEM2 for sample A (grid G) produced by the SMPS 4 
sampling laboratory are very close to the values of 36.8 ± 1.6 nm and 37.3 ± 1.8 nm 
measured for sample B (grid N) for aerosol OP. Similarly, no significant differences 
of the measured diameter values were observed between G1 and G2 grids, i.e., 
between carbon-coated Formvar film and pure carbon film on 200 mesh Cu grids. 
 
3.4 SUMMARY, RECOMMENDATION AND OUTLOOKS 
In this work, two different silica nano-aerosols were generated and studied by 
on-line and off-line techniques: one contained a single population of nanoparticles, 
and the second one composed by two populations of non-agglomerated 
nanoparticles. This study describes the methodology (sampling, sample preparation, 
measurement protocol, operating parameters, treatment of the results, traceability, 
calibration) and presents results obtained with an evaluation of the measurement 
uncertainty. Metrologically traceable size measurements provided reliable particle 
size distributions (PSDs) results for SiO2 airborne nanoparticles. 
Some methods were proposed to generate aerosols and to measure their PSDs 
by scanning mobility particle size spectrometers (SMPS), describing the operating 
parameters, metrological traceability, calibration of the spectrometers for the purpose 
of size measurement, evaluation of the measurement uncertainty, and treatment of 
the obtained results. Five SMPS laboratories were involved in this study and 
obtained on-line measurement results in good agreement taking into account the 
expanded measurement uncertainty. The total average ± two inter-laboratory  
standard laboratory deviations (SDs) for the mean and mode electrical mobility 
diameters were 35.1 ± 6.4 nm and 35.4 ± 2.0 nm, respectively, for aerosol OP, 
44.0 ± 4.0 nm and 44.2 ± 5.3 nm for the first aerosol DP population; 85.0 ± 4.1 nm 
and 83.1 ± 3.4 nm for the second one. The geometric SD or SD of the measured size 
distribution showed that the population of aerosol OP and both populations of 
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aerosol DP, taken separately, were monodispersed. Consistent SMPS results allowed 
validation of the on-line measurement methodology proposed for the size distribution 
in case of both studied nano-aerosols. For aerosol DP, peak and area ratios were 
mainly determined between 20 and 60 %.  
Concerning off-line measurements, different protocols were proposed for the 
sampling (filtration and electrostatic precipitation) onto different substrates (carbon-
coated Formvar film and pure carbon film Cu grids, polycarbonate membrane filters 
(PMF), and mica substrate). Different sampling methods and sample preparation 
(e.g., the use of conductive coatings for the SEM samples, the transfer of particles 
from PMF to TEM grids) on the measured PSDs for aerosol OP and DP were 
discussed. A protocol for storage conditions and sample transport was proposed in 
order to avoid positive and negative artefacts of the particle size distribution and to 
prevent air pollution.  
Seven laboratories were involved in the TEM analysis, seven in SEM, and four 
in AFM measurements in order to compare mean and mode diameters obtained by 
these techniques from aerosol deposited on grids, filters, and mica plates by an 
electrostatic precipitation and filtration technique using SMPS controlled generation 
upstream. 
For aerosols OP and DP, AFM results were consistent among the four 
participants within their measurement uncertainties. Total mean and mode diameters 
for aerosol OP were determined to be 30.3 ± 3.7 nm and 30.4 ± 5.1 nm, respectively. 
For aerosol DP, same diameters were equal to 36.2 ± 7.1 nm and 80.2 ± 5.0 nm for 
the first population and 39.2 ± 6.8 nm and 81.0 ± 5.3 nm for the second population 
(cf. Tables 1 and 2). No significant difference was observed between the different 
samples of NAS grid (sample B), NAS Mica (sample D), and grid deposited on PMF 
(sample A). A cleaved mica substrate provided an ideal, atomically flat reference 
surface for the measurement of particle heights. Not surprisingly, the measurement 
uncertainties for mean particle heights on mica are the smallest. The other substrates 
(grids or filters) showed RMS surface roughness between approximately 1 nm and 
10 nm, with a significant impact on the measurement uncertainties. The uncertainties 
can become as large as the 95 % percentile of the distribution of all measured mean 
values, or even exceed it. The SDs of PSDs obtained by AFM were mainly between 
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3 and 9 nm for both aerosols OP and DP. The peak and area ratios of the two 
populations of DP aerosol varied mainly between 25 % and 80 %.  
We do not recommend the application of a conductive coating for the SEM 
measurement since it significantly affects the measured PSD. For example, a mean 
diameter of 5 to 26 nm without correction for aerosol OP and DP was obtained. If a 
coating was used, it was necessary to correct the diameter by a study of the coating 
effect and/or include the effect of the coating in the uncertainty calculation. We 
observed that the expanded uncertainty is significantly higher if the coating treatment 
was used compared to measurements without coating. For aerosol OP, mean and 
mode total average diameters with ± two inter-laboratory SDs were 39.0 ± 14.2 nm 
and 38.3 ± 14.1 nm, respectively (cf. Table 3.1). For aerosol DP, these values were 
46.6 ± 15.1 nm and 47.0 ± 13.8 nm, respectively, for the first population and 89.8 ± 
20.4 nm and 91.0 ± 19.8 nm for the second population (cf. Table 3.2). The variation 
of peak and area ratio between the two populations for aerosol DP was similar to the 
SMPS measurements, i.e., between 10 and 60 %. The SDs of PSDs obtained by SEM 
were mainly comprised between 4 and 9 nm for the populations of aerosol OP and 
DP. 
The SEM reproducibility global SD was higher compared to the other 
techniques (SMPS, TEM, and AFM) since all measurements (with and without 
coating) were taken into account and were mainly due to the values without coating 
correction. The reference nanoparticles, from certified reference materials, played a 
relevant role in the analysis and were sampled, with a measurement protocol 
including calibration of the image magnification. However, several SEM 
measurements did not allow obtaining traceable results for nano-aerosol OP due to 
the lower performances of some SEM instruments. Nevertheless, modern instruments 
successfully analysed all the sample types used in this inter-laboratory comparison. 
The present study clearly proves that traceable measurements of aerosol 
nanoparticles size can be performed if sample preparation, instruments conditions, 
and SEM operator follow a strict measurement protocol as given in this paper. 
The seven TEM laboratories involved in the comparison of aerosol OP particle 
sizes obtained mode and mean total average diameters with ± two inter-laboratory 
SDs of 35.6 ± 7.6 nm and 35.1 ± 7.4 nm, respectively (cf. Table 3.1). Mode and 
mean total average diameters are, respectively, 43.7 ± 11.9 nm and 42.9 ± 9.0 nm for 
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the first aerosol DP population, and 88.1 ± 12.0 nm and 86.3 ± 12.3 nm for the 
second population (cf. Table 3.2). These total averages were calculated without 
taking into account the diameters obtained from measurements on grid “g”, i.e., the 
nanoparticle transfer from a PMF sample to grids, since a significant difference was 
obtained for the diameter measurement in this case. No significant differences in the 
obtained PSD were found between measurements for B (TEM grid + NAS sampling) 
and A (grids on PMF sample) samples. Similarly, no significant differences in the 
measured diameters were observed between carbon-coated Formvar film and pure 
carbon film on 200 mesh Cu grids respectively. 
Concerning the TEM sample preparation, we recommend direct deposition of 
nanoparticles onto a supporting TEM grid for accurate measurements of 
nanoparticles size in TEM. It was found that, unlike direct deposition on a standard 
coated TEM copper grid, a transfer of nanoparticles initially deposited on a 
nucleopore membrane onto a TEM grid may increase their measured size up to about 
20 nm for the mean and mode diameter. This corresponds to the increase of the 
measured size by 50 % for the first aerosol DP population and by 25 % for the 
second aerosol DP population. The SDs of the PSDs obtained by TEM were mainly 
between 2 and 9 nm for the populations of aerosols OP and DP.  
A major contribution to the TEM results uncertainty was due to post-
acquisition image processing. By taking into account this expanded uncertainty, 
measurements were mainly consistent without consideration of measurements 
obtained by the transfer method. 
For the simple shape (spherical) airborne nanoparticles, the different mode and 
mean diameters measurements by SMPS, AFM, SEM, and TEM were consistent 
considering the obtained standard deviation (cf. Tables 3.1 and 3.2), even though the 
values for AFM were always slightly lower than those obtained using the other 
techniques. It is important to stress that we compared different equivalent diameters, 
namely the height diameter for AFM measurement, electrical mobility diameter for 
SMPS measurement, and geometric diameter for SEM and TEM measurements. The 
protocols proposed in this work will be used to provide international harmonized 
methodologies for the characterization of airborne SiO2 nanoparticles. 
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Lab 
Type of aerosol 
generator 
(manufacturer) 
Types of DMA and 
neutraliser 
(manufacturer) 
Impactor : Nozzle 
Size 
(manufacturer) 
Type of CPC 
(manufacturer) 
DMA Voltage operation 
[Time of operation] 
 
Sheath 
flow 
Sample 
flow 
Analytical and 
corrections 
methods 
Traceability 
Calibration 
(difference between 
Certified value of 
CRM and 
experimental mean 
diameter) 
S
M
P
S
1
 
6-jet collison 
nebulizer 
Model 3071A (TSI) 
Long DMA – Bipolar, 
Kr-85 
/ Water CPC, model 3787 (TSI) 
Scanning 
Up scan: 180 s, Down 
scan: 30 s, Idling time: 30 
s 
9 L/min 0.6 L/min AIM software with charge corrections 
CRM 3050A  
(46 ± 2 nm) 
Scanning : < 6 % for 
CRM 3050A 
S
M
P
S
2
 
Atomizer model 
3076 (TSI) 
Model 3081 (TSI) Long 
DMA – Bipolar, Kr-85 0.457 mm (TSI) 
UCPC, model 3025A 
(TSI) 
Scanning 
Up scan: 180 s, Down 
scan: 30 s, Idling time: 30 
s 
3 L/min 0.3 L/min 
AIM software with 
charge and 
diffusion 
corrections 
 
Gaussian law 
 
ISO 15900 (leak test, 
zero test, and flowrate 
calibration) 
 
CRM 3050A # 39449 
(46 ± 2 nm) and CRM 
3080A # 39259  
(81 ± 3 nm) 
Scanning: < 2 % for 
CRM 3050A and 
CRM 3080A 
 
 
S
M
P
S
3
 
Atomizer model 
3076 (TSI) 
Model 3081 Long 
DMA(TSI)- Bipolar, Kr-
85 
0.0457 cm (TSI) Butanol CPC, model 3776 (TSI) 
Scanning 
Up scan: 180 s, Down 
scan: 30 s, Idling time : 
30 s 
3 L/min 0.3 L/min 
AIM software 
without charge and 
diffusion 
corrections 
ISO 15900 (Voltage, 
flow rate calibration 
and leak test) 
 
CRM JSR  
SC-010-S  
(100.82 ± 0.66 nm) 
Scanning: < 1 % for 
CRM 
 
S
M
P
S
4
 
Atomizer model 
3076 (TSI) 
Model 3081 (TSI) Long 
DMA – Bipolar, Kr-85 0.0457 cm (TSI) 
Butanol CPC, model 
3022 (TSI) 
Scanning 
Up scan: 180 s, Down 
scan: 30 s, Idling time: 30 
s 
 
Stepping 
For each voltage, Idling: 
20 s, Counting: 10 s 
3 L/min 0.3 L/min 
AIM software with 
charge and 
diffusion 
corrections 
 
DMA moment 
method 
ISO 15900 (Voltage, 
flow rate calibration 
and leak test) 
 
CRM 3050A (46 ± 2 
nm) and CRM 3080A 
(83 ± 3 nm) 
Scanning: < 9 % for 
CRM 3050A and < 1 
% for CRM 3080A 
 
Stepping: < 2 % for 
CRM 3050A and 
CRM 3080A 
S
M
P
S
5
 
Atomizer; (JSR) 
Aeromaster V 
 
Electrospray model 
3480 (TSI) 
Model 3081 Long DMA 
(TSI) – Bipolar, Am-241 0.071 cm (TSI) 
Butanol CPC, model 
3022A (TSI) 
Scanning 
Up scan: 180 s, Down 
scan: 30 s, Idling time: 30 
s 
 
Stepping 
For each voltage, Idling: 
20 s, Counting: 10 s 
19.5 
L/min 
 
3 L/min 
1.0 L/min 
 
0.3 L/min 
AIM software with 
/ without charge 
and diffusion 
corrections 
 
DMA moment 
method with  
relative size 
measurement 
ISO 15900 (Voltage, 
flow rate calibration, 
and leak test) 
 
CRM JSR SC-010-S 
(100.82 ± 0.66 nm) 
Scanning: < 1 % for 
CRM 
 
Stepping: < 1 % for 
CRM 
Table 3.3. Operating parameters of on-line measurement systems used by each laboratory in the inter-laboratory  comparison 
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L
a
b
 Instrument manufacturer 
and type 
Height 
signal 
Expanded. 
uncertainty for 
40 nm step height 
calibration 
Image analyis 
software 
Particle 
detection Particle height evaluation 
AFM tip 
radius 
A
F
M
1
 
Bruker (Veeco) 
Nanoman Vs 
Optical 
sensor of 
the hybrid 
AFM head 
0.7 nm 
Moutains Map 
from Digital Surf 
+ own dedicated 
Matlab routine 
Threshold + 
manual 
choice 
z-maximum on the particle 
minus averaged surface 
height 
< 10 nm 
A
F
M
2
 
Bruker DIM3100m Capacitive sensor 0.7 nm SPIP 6.0.2 
User defined 
height 
threshold 
z-maximum of particle above 
the level of mica substrate 
surface 
< 10 nm 
A
F
M
3
 
Asylum Research MFP-3D 
SA 
LVDT 
z-axis 
sensor in 
MFP-3D 
1.0 nm SPIP 5.1.3 Height threshold 
z-maximum of particle above 
the level of mica substrate 
surface 
<10 nm 
A
F
M
4
 
JEOL  JSPM 5200 feedback voltage 
3.6 nm 
 
Image analysis 
software 
WinSPM JEOL 
SystemTM 
Manual 
choice 
z-maximum of particle above 
the level of mica substrate 
surface 
< 15 nm 
Table 3.4. Summary of the involved Atomic Force Microscopes 
 
L
a
b
 SEM instrument, 
product name, 
Actual resolution 
Electron 
source type  
(W, LaB6, 
FEG, 
Schottky) 
Coating used 
 
 
High voltage, 
Working 
distance 
Nominal magnification (Mag), 
Field of view (FOV), Pixel 
matrix, corresponding 
approximate number of NPs in 
an image 
Electron 
detector type 
Image Analysis 
Software  
(Manual or automatic 
delimitation of 
nanoparticles) 
Calibration 
traceability of 
image 
magnification 
Associated 
uncertainty of 
magnification 
calibration 
(nm) 
Other relevant 
remarks 
S
E
M
1
 Jeol 6301F® 
1.5 nm @ 30 kV 
5 nm @ 1 kV 
FEG 
Coating: Pt 
Correction: yes 
(2.5 nm x2) 
HV= 15 kV 
WD= 8 mm 
Mag: 100.000 × 
FOV: 1.2 x 0.9 µm2 
Matrix: 512 x 400 pixels 
NPs/image: ~10 (K50) 
ET 
Software: SAISAM 
(Microvision 
Instruments®) 
NP delimitation: manual
CRM 3080A 
CRM 8013 9  
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S
E
M
2
 Jeol 7001F 
1.2 nm @ 30 kV 
3.0 nm @ 1 kV 
Schottky 
FEG 
Coating; Au 
Correction: yes 
(13 nm x 2) 
HV= 10 kV 
WD= 8 mm 
 
Mag : 80.000 x 
FOV: ~1.5 x 1.1 µm2 
Matrix: 1280 x 960 pixels 
NPs/image: ~20 (K50) 
ET 
Software: ImageJ 
NP delimitation: semi-
automatic or manual 
CRM 8013 5 
The coeff. of 
variation (CV) for 
the calibration was 
quite high (9.3%), 
higher than would 
be expected from 
the CRM 8013 
S
E
M
3
 
Extra High Resolution 
FEI Magellan 400L 
0.8 nm @ 15kV in SE 
mode 
0.9 nm @ 1kV in SE 
mode 
1.5 nm @ 200V in SE 
mode 
0.5 nm @ 30 kV in STEM 
mode 
Schottky 
FEG, 
with 
UNICAP 
(monocroma
tor) 
Coating: no HV= 1 kV WD= 2 mm 
Mag: 60.000 - 300.000 × 
FOV: 746 x 644 nm2 
Matrix: 1024 x 884 pixels 
NPs/image: ~30 (K25, 200.000 ×)
 
FOV: 1429 x 1288 nm2 
NPs/image: ~50 (K50, x100.000)
SE with TLD 
in SE or 
charge 
neutralizing 
(CN) mode 
Software: ImageJ 
NP delimitation: manual
Au grating 
SIRA Sample 
Calibration 
samples were used 
(AGAR 
S170 samples with 
gratings 19.7 and 
2160 lines/mm) 
3 
Images were 
acquired by 
integrating of 16-
32 frames at 100 ns 
dwell time 
S
E
M
4
 
Jeol EPMA-JXA 8200 
Theoretical resolution = 
4 nm, 
practical resolution = 
around 40 nm 
W 
Coating: Au 
Correction: no, 
but uncertainty 
budget 
accordingly 
expanded 
HV= 30 kV 
WD= 8-10 mm
Mag : 80.000 × 
FOV: 1.45 x 1.36 µm2 
Matrix: 480 x 386 pixels 
NPs/image: 15 to 40 
ET 
Software: Scion Image 
Corporation, 
NP delimitation: manual
CRM 8013, 
CRM NIST SRM-
1963  (PSL of 
100.7 ± 1.0 nm) 
10  
S
E
M
5
 
Zeiss Gemini LEO 1525 
FE-SEM 
1.5 nm @ 20 kV 
3.5 nm @ 1 kV 
 
FEG 
Coating: Au/Pd 
Correction: no, 
but uncertainty 
budget 
correspondingly 
expanded 
HV= 8 kV 
WD= 2 mm 
 
Mag: 100.000 × 
FOV: 3.7 x 2.6 µm2 
Matrix: 1036 x 829 pixels 
NPs/image: ~100 
 
Mag: 200.000 × 
FOV: 1.9 x 1.3 µm2 
Matrix: 1036 x 829 pixels 
NPs/image: ~20 
Inlens 
Software: ImageJ 
NP delimitation: 
automated, after 
thresholding manual 
elimination of obvious 
artefacts 
 
CRM 8012 and 
CRM 8013 were 
used for 
comparison with 
NIST SRM 484g 
7  
S
E
M
6
 Zeiss Supra 40, 
3.5 nm @ 20 kV 
6 nm @ 1 kV* 
Schottky 
(thermally 
assisted) 
field emitter 
Coating: Au of 
different 
thickness, also no 
coating 
Correction: yes 
(manually by 
checking the same 
coating conditions 
on Si substrates) 
HV= 5-30 kV 
WD= 5 mm 
 
Mag: 50.000 × 
FOV:  ~5 x 5 µm2 
Matrix: 1024 x 768 pixels 
NPs/image:  ~200 
 
Mag: 250.000 × 
FOV:  ~1 x 1 µm2 
Matrix: 1024 x 768 pixels 
NPs/image:  ~20 
InLens and 
ET 
Software: ImageJ 
NP delimitation: 
automated, however, 
after eliminating 
manually the overlapping 
NPs or other noticeable 
artefacts 
CD calibration 
structure 10-5-2-
1-0.5 mm (with 
PTB certificate) 
5 
*: resolution figure 
determined with 
SMART  software 
(© David Joy, 
University of 
Tennessee, USA) 
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S
E
M
7
 Zeiss Supra 40 VP 
1.0 nm @ 15 kV 
1.9 nm @ 1 kV 
W Coating: no HV = 20 kV WD= 8.5 mm 
Mag: 100.000 - 500.000 × 
FOV: ~1 x 0.7 µm2 
Matrix : 1024 x 768 pixels 
NPs/image : ~20 (K25, 200.000 x)
SE and 
InLens 
Software: ImageJ 
NP delimitation: manual
CRM 3030A, 
CRM 3080A, 
CRM 8012, 
CRM 8013 
4  
Table 3.5. SEM operating parameters used by each laboratory at the inter-laboratory  comparison 
 
L
a
b
 
TEM 
manufacturer 
name 
Electron 
source 
type  
(W-fil, 
LaB6 or 
FEG) 
Accelerating 
voltage (kV) / 
magnification 
Microscope mode 
for imaging 
(TEM or STEM) 
Imaging mode: 
Bright Field TEM with 
or without objective 
aperture, size of aperture 
if used) 
 
STEM mode :  
Bright Field, Dark Field 
of High angular annular 
DF 
Recording 
device  
 
(plates of 
CCD 
camera 
CCD camera name 
and type 
 
CCD, size (1, 2, 4 or 
6K), binning and 
integration time 
Image Analysis 
Software (Manual or 
automatic 
delimitation of 
nanoparticules) 
Traceability 
T
E
M
1
 FEI Tecnai F30 
STWIN 0.2 nm 
UTWIN 0.17 nm 
FEG 
300 kV - 
39,000 
(nominal 
magnification) 
TEM BF TEM with OA (size of OA = 70 μm) 
CCD camera 
(2k  2k) 
UltraScan (Gatan, Inc), 
2k x 2k, 
without binning, 
1 sec. 
ImageJ (Manual 
delimitation of 
nanoparticles) 
(Lattice constant of 
silicon) 
T
E
M
2
 
TEM Jeol 100 
CXII with detector 
PGT®/Si(Li) 
Resolution 
0.3 nm 
W 
100 kV /  
magnification 
used 190000 x 
and 270000 x 
TEM Bright Field  
CCD 
Camera 
CCD camera (300W 
Dualvision GATAN® 
model 780) 
 
Image Size: 2621 K 
(1300*1030 pixels) 
Binning:1 
integration time: auto 
exposure 
software package 
SAISAM from 
Microvision 
Instruments® 
(Manual delimitation 
of nanoparticles) 
Calibrated using the 
supplied standard PLS  
and gold particles 
CRM 3080A (81.0 ± 3.0 
nm) 
CRM 8012 (27.6 ± 2.1 
nm) 
T
E
M
3
 JEOL-2100 TEM 
Resolution 
0.23 nm 
LaB6 
200kV, usual 
magnification = 
30,000 (some 
images were 
taken at 40K 
and 50Kx) 
TEM 
Bright field TEM with 
objective aperture #2 (50 
µm). 
CCD camera 
Gatan Orius bottom-
mount CCD camera 
(4K x 2K), image size 
4008 x 2672 pixels, no 
binning, integration 
time 2 s. 
ImageJ 
(semi-automatic 
delimitation of nano-
particles, manual 
where necessary) 
calibrated using the 
supplied standard PSL 
and gold nanoparticle 
samples. 
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T
E
M
4
 
HR FEG TEM 
Tecnai F20 G2 
(FEI Company) 
STWIN 0.24 nm 
 
Schottky 
–type 
FEG 
200 kV 
10-40 K on a 
screen 
TEM mode Bright field imaging 
CCD 1kx1k 
GATAN MS 
794 
GATAN SSCCD 
camera MSC794 of 1k 
x 1k size at integration 
time of 0.4 s without 
binning 
1024x1024 px full field 
of view 
ImageJ, automatic 
delimitation of 
nanoparticles 
Calibrated on Gold 
cross-grating sample 
AGAR S106/S107 2160 
lines/mm 
T
E
M
5
 TEM Jeol 2100 
Resolution 
0.23 nm 
LaB6 
100kV, 
magnification 
used around 
30kX. 
TEM Bright field with objective aperture #3 ( 40 µm) CCD camera 
Gatan Ultrascan 1000 
(2Kx2K), binning: 1, 
integration time: 1s 
Image J, automatic 
delimitation of the 
particles 
Calibrated using the 
supplied PSL 80 nm 
particles. 
T
E
M
6
 
TEM JEOL JEM 
2010 
Resolution 
0.23 nm 
LaB6 200kV/mag 50k-250k TEM Bright field imaging   
Image J  (manual 
delimitation of 
nanoparticles) 
calibrated using the 
supplied standard PSL 
and gold nanoparticle 
samples 
T
E
M
7
 
Zeiss Supra 40, 
working in the 
transmission mode, 
i.e. T-SEM 
Schottky-
FEG 10-30 kV T-SEM option 
Bright-field T-SEM 
(using a special setup 
which trapped the SE/BSE 
on their “direct” way to the 
conventional ET detector 
and with an Au convertor 
under the thin sample for 
multiplication of the 
transmitted (only) 
electrons which are then 
collected by the ET 
detector) 
 - 
Software: ImageJ 
NP delimitation: 
automated, however, 
after eliminating 
manually the stuck 
NPs or other 
noticeable artifacts 
CD calibration structure 
10-5-2-1-0.5 mm (with 
PTB certificate) 
measured in the 
conventional SEM 
mode and extended to 
the T-SEM mode. 
 
Also counter-checked 
with CRM 3030A, 
CRM 3080A, 
CRM 8012, 
CRM 8013. 
Table 3.6. TEM operating parameters used by each laboratory during the inter-laboratory  comparison 
 
  Mean Mode   
Lab 
Operating 
mode 
dm (nm) σR (nm) u (nm) U (nm) dm (nm) σR (nm) u (nm) U (nm) 
SD (nm) or 
GSD 
Used range  
(nm) 
SMPS1 Scanning 1 34.7 0.6 1.9 3.9 34.7 0.7 0.7 1.3 1.1 28.4-42.2 
SMPS2 Scanning 1 36.0 * 1.1 * 1.1 2.2 36.0 1.1 1.1 2.2 5.9 nm* - 
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Scanning 2 34.0 0.1 1.8 3.7  1.2 25.0 - 42.9 
SMPS3 Scanning 1 42.6 0.6 1.9 3.9 37.2 0.5 0.5 1.0 1.3 14.6 - 430 
SMPS4 
Scanning 1 32.2 0.8 2.0 4.0 
34.7 
0.4 
 
0.4 0.8 
1.4 14- 434 
Scanning 2 34.2 0.2 1.8 3.7 1.1 25.0-42.9 
SMPS5 
Scanning 1 33.4 0.2 1.8 3.7 34.6 0.2 0.3 0.5 1.2 14.1 - 710.5 
Stepping 34.0 0.1 0.4 0.8 35.6 0.0 0.4 0.8 3.1 nm** 21.2 - 45.1 
Table 3.7. SMPS measurement results of mean and mode diameters of aerosol OP. σR (standard deviation of reproducibility ), u (combined standard measurement 
uncertainty), U (expanded uncertainty with the coverage factor k=2). OP (“*” values were determined with a Asymmetric Gaussian law, “GSD” values were determined by a 
log-normal law, r = repeatability and R= Reproducibility) 
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SMPS1 Scanning 1 45.2 1.7 6.7 13.3 46.0 0.5 9.5 18.9 1.1 40.7-52.3 82.2 0.5 2.2 4.3 82.2 0.6 2.2 4.3 1.1 67.3-100 52 63 
SMPS2 
Scanning 1 45.3* 0.9* 9.5 19.0 45.3 0.9 9.5 19.0 
6.5 
nm
* 
- 
 
85.1 
* 0.0* 2.1 4.2 85.1 0.0 2.1 4.2 
7.0 
nm* - 21 
18 
 
Scanning 2 45.2 0.2 6.4 12.9 1.1 37.2 - 55.2 85.6 0.3 2.1 4.3 1.1 61.5 - 101.8 21 26 
SMPS3 Scanning 1 45.0 0.5 6.5 12.9 39.0 5.7 11.0 22.1 1.1 37 - 55.2 87.9 0.5 2.2 4.3 81.9 0.5 2.2 4.3 1.2 
61.5 - 
661.2 40 - 
SMPS4 
Scanning 1
44.4 0.1 6.4 12.9 44.7 0.5 9.5 18.9 1.1 37.2-55.2 
87.6 0.4 2.1 4.3 
82.1 0.0 2.1 
4.2 1.2 63.8 - 429.4 20 29 
Scanning 2 83.0 0.1 2.1 4.2  1.1 61.5 - 101.8 20 33 
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SMPS5 
Scanning 1 39.9 0.2 6.4 12.9 44.4 0.4 9.5 18.9 1.3 14.1 - 51.4 84.8 0.2 2.1 4.2 82.1 0.0 2.1 4.2 1.1 53.3 - 710.5 19 36 
Stepping 42.7 0.1 1.2 2.5 46.1 0.1 0.8 1.5 
7.4 
nm 
** 
29.7 - 99.3 83.5 0.0 0.7 1.5 85.5 0.0 0.8 1.6 3.9 nm ** 
29.7 - 
99.3 16 29 
Table 3.8. SMPS measurement results of mean and mode diameters of aerosol DP. σR (standard deviation of reproducibility ), u (combined standard measurement 
uncertainty), U (expanded uncertainty with the coverage factor k=2) / (“*” values were determined with a Gaussian law of the AIM results, “**” values were determined with 
an asymmetric Gaussian law, “GSD” values were determined by a log-normal law, r = repetability and R= reproducibility, peak ratio were calculated as =  minor peak 
intensity / major peak intensity (in %), Area ratio as = ratio in number concentration between the first and the second  populations (in %) 
 
 
    Mode Mean Distribution 
Sampling 
lab Samples
Support name 
(grids;G, N or 
Mica; M or 
filter; H) 
AFM 
Lab 
Diameter 
 dh (nm) 
Uncertainty 
(±nm) (2k) 
Average 
(nm) 
2*SD 
reproducibility 
(nm) 
Diameter 
 dh (nm) 
Uncertainty 
 (±nm) (2k) 
Average 
(nm) 
2*SD 
reproducibility 
(nm) 
SD size 
distribution 
(nm)  
(gaussian law) 
Range 
 (nm) 
SMPS4 
A G2 
AFM1 
31.9 6.3 31.0 2.7 29.2 6.2 29.7 1.4 5 full range G2 30.0 4.9 30.2 4.8 4.3 full range 
B 
N3 32.7 2.4 
31.9 2.4 
30.9 2.2 
30.6 0.5 
3.2 full range 
N3 30.5 2.0 30.4 1.8 3.4 full range 
N4 32.5 2.2 30.5 1.8 3.5 full range 
D 
M* 32.0 2.2 - - 30.9 1.7 - - 3.3 full range 
M* AFM2 31.7 3.3 - - 30.5 1.6 - - 8.6 full range 
M* AFM4 29.0   - - 34.9 3.6 - - 12.1 8.2 - 84.7 
SMPS2 A 
G1 
AFM2 
27.4 3.1 
25.4 5.8 
26.8 2.3 
28.3 4.1 
7 15 - 60 
G2 23.3 2.8 29.7 2.9 6.4 15 - 60 
G2 AFM1 30.3 5.4 - - 29.2 5.2 - - 3.8 full range 
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SMPS3 D 
M AFM3 28.0   - - 28.0 0.9 - * 4.5 10 -  45 
M 
AFM2 
31.4 3.3 
32.0 1.1 
30.2 7.3 
31.2 2.4 
6.1 10 - 60 
M 32.5 3.0 32.5 2.3 5.2 10 - 60 
M 32.1 3.4 30.9 3.9 4.7 10 - 60 
Table 3.9. AFM measurement results for aerosol OP (the same sample on a mica substrate, indicated by “M*”, performed by laboratory SMPS4, was measured by laboratories 
AFM1, 2 and 4) 
 
    1st population 2nd population   
    Mode Mean Distribution Mode Mean Distribution 
1st / 2nd 
population 
S
a
m
p
l
i
n
g
 
l
a
b
 
S
a
m
p
l
e
s
 
S
u
p
p
o
r
t
 
n
a
m
e
 
(
g
r
i
d
s
;
G
,
 
N
 
o
r
 
M
i
c
a
;
 
M
 
o
r
 
f
i
l
t
e
r
;
 
H
)
 
A
F
M
 
l
a
b
 
D
i
a
m
e
t
e
r
 
 
d
h
 
(
n
m
)
 
U
n
c
e
r
t
a
i
n
t
y
 
 
(
±
n
m
)
 
(
2
k
)
 
D
i
a
m
e
t
e
r
 
 
d
h
 
(
n
m
)
 
U
n
c
e
r
t
a
i
n
t
y
 
 
(
±
n
m
)
 
(
2
k
)
 
S
D
 
s
i
z
e
 
d
i
s
t
r
i
b
u
t
i
o
n
 
(
n
m
)
 
(
g
a
u
s
s
i
a
n
 
l
a
w
)
 
R
a
n
g
e
 
(
n
m
)
 
D
i
a
m
e
t
e
r
 
 
d
h
 
(
n
m
)
 
U
n
c
e
r
t
a
i
n
t
y
 
 
(
±
n
m
)
 
(
2
k
)
 
D
i
a
m
e
t
e
r
 
 
d
h
 
(
n
m
)
 
U
n
c
e
r
t
a
i
n
t
y
 
 
(
±
n
m
)
 
(
2
k
)
 
S
D
 
s
i
z
e
 
d
i
s
t
r
i
b
u
t
i
o
n
 
(
n
m
)
 
 
(
g
a
u
s
s
i
a
n
 
l
a
w
)
 
R
a
n
g
e
 
(
n
m
)
 
P
e
a
k
 
r
a
t
i
o
 
(
%
)
 
A
r
e
a
 
r
a
t
i
o
 
(
%
)
 
SMPS4 
A G2 
AFM1 
39.0 5.2 36.2 5.1 6.6 full range 80.0 5.2 77.9 5.1 5.1 full range 81.4 - 
B N3 40.6 2.7 39.8 2.0 6 full range 83.7 2.7 82.2 2.0 4.5 full range 74.3 - 
D 
M* 44.6 2.5 41.7 2.2 7.8 full range 86 2.5 84.5 2.2 4.3 full range 24.9 - 
M* AFM2 35.9 2.0 34.7 1.5 8.8 0 - 60 79.9 2.7 79.1 1.9 6.7 60 - 100 158.0 192.5 
SMPS2 A 
G2 AFM1 35.9 3.5 35.7 2.6 5.8 full range 78.2 3.5 77.7 2.6 5.0 full range 57.7 - 
G1 AFM2 36.1 2.4 34.1 3.2 7.6 0 - 60 78.1 3.1 77.9 3.4 6.1 60 - 100 45.8 70.4 
SMPS3 D M AFM3 42.0  - 41.4 2.0 8.8 17 - 54 84.0   83.6 1.9 8.7 56 - 100 34.3 - 
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AFM2 
 -  - 33.2 4.2 9.2 0 - 60 80.1 3.2 80.2 4.3 5.7 60 - 100 - 50.0 
 -  - 31.8 2.3 9.8 0 - 60 80.7 3.3 80.4 2.6 6.5 60 - 100 - 68.8 
 -  - 33.6 2.5 9.4 0 - 60 79.5 2.5 78.2 2.7 5.9 60 - 100 - 78.1 
Table 3.10. AFM measurement results of aerosol DP (the same sample on a mica substrate, indicated by “M*”, performed by laboratory SMPS4, was measured by 
laboratories AFM1 and 2) 
 
   Mode Mean Distribution  
Sampling 
lab Samples
SEM 
lab 
Diameter 
dp (nm) 
Uncertainty 
(±nm) (2k) 
Average 
(nm) 
2*SD 
 reproducibility 
(nm) 
Diameter 
dp (nm) 
Uncertainty 
(±nm) (2k) 
Average 
(nm) 
2*SD 
 reproducibility 
(nm) 
SD of the 
size 
distribution 
Range  
(nm)* Remarks 
SMPS4 
C 
SEM6 
32 15.0 
32.7 8.1 
34.6 15.0 
36.1 2.8 
7.2 32 - 77 * Au coating, 
correction (20 
nm) 
29 15.0 36.1 15.0 7.6 28 - 87 * 
37 15.0 37.4 15.0 8.5 30 - 93 * 
SEM7 
35.5 5.0 
35.8 1.2 
35.7 5.0 
36.2 1.7 
4.0 23-47 
Without 
coating 35.5 5.0 35.8 5.0 5.4 22-58 
36.5 5.0 37.2 5.0 6.8 24-71 
SEM3 
36 4.0 
36.7 1.2 
35.4 4.0 
35.8 1.4 
4.1 22 - 50 
Without 
coating 
37 4.0 36.6 4.0 4.6 21 - 85 
37 4.0 35.3 4.0 4.4 18 - 53 
SEM5 
43.7 32.0 
40.8 13.6 
49.0 32.0 
48.9 2.4 
10.2 32 - 105 * Au/Pd coating; 
not corrected 
for coating 
thickness, but 
included into 
uncertainty 
33.1 32.0 47.6 32.0 10.7 32 - 77 * 
45.7 
32.0 
50.0 32.0 10.6 32 - 83*  
SMPS2 SEM4 53.8 10.0 53.1 4.1 51.3 10.0 50.6 1.6 6.0 33 - 64* Au coating; not corrected for 54.7 10.0 50.8 10.0 4.8 24 - 63* 
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50.8 10.0 49.7 10.0 2.7 32 - 63* 
coating 
thickness, but 
included into 
uncertainty, 
Traceable to 
NIST SRM 
8013 
42.5 10.0 
41.9 3.2 
40.6 10.0 
40.0 1.3 
4.8 26 - 51* Au coating; not 
corrected for 
coating 
thickness, but 
included into 
uncertainty, 
Traceable to 
NIST SRM 
1963 
43.2 10.0 40.2 10.0 3.8 19 - 49* 
40.1 10.0 39.3 10.0 4.6 26 - 50 
SMPS3 
SEM3 
32 4.0 
31.3 2.3 
31.2 4.0 
30.8 0.9 
3.0 22 - 44 
Without 
coating 
32 4.0 30.9 4.0 3.3 18 - 40 
30 4.0 30.4 4.0 3.8 18 - 45 
SEM7 
33.5 5.0 
33.8 1.2 
33.7 5.0 
33.9 0.6 
4.0 23-74 
Without 
coating 33.5 5.0 33.7 5.0 5.9 19-67 
34.5 5.0 34.2 5.0 6.8 17-82 
* With coating 
Table 3.11. SEM measurement results for aerosol OP 
 
   1st population 2nd population    
   Mode Mean Distribution Mode Mean Distribution 1st / 2nd population  
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SMPS4 
C 
SEM6 
46 15.0 48.3 6.4 46.1 15.0 47.8 4.7 12.2 22 - 90 (*) 93 20.0 96.0 5.3 95.7 20.0 97.5 4.9 8.1 91 - 200 (*) 31 32 
With Au coating, 
correction (20 nm) 52 15.0 46.7 15.0 12.0 7 - 90 (*) 97 20.0 96.4 20.0 8.8 91 - 200 (*) 32 23 
47 15.0 50.5 15.0 10.1 10 - 90 (*) 98 20.0 100.3 20.0 9.4 91 - 200 (*) 33 22 
SEM7 
43 5.0 43.3 5.0 43.4 5.0 44.5 2.0 6.8 24-60 85 5.0 85.3 3.1 84.1 5.0 89.6 1.0 6.1 63-103 25 26 
Without coating 46 5.0 44.8 5.0 6.1 27-63 84 5.0 84.5 5.0 5.2 67-98 38 30 
41 5.0 45.3 5.0 6.4 29-64 87 5.0 85.1 5.0 6.0 66-102 28 21 
SEM3 
43 4.0 44.3 3.1 45.1 4.0 45.1 1.2 5.9 28 - 61 83 4.0 83.7 1.2 82.5 4.0 82.5 0.8 5.3 63 - 97 34 34 
Without coating 46 4.0 44.6 4.0 5.9 25 - 58 84 4.0 82.1 4.0 5.3 61 - 101 42 42 
44 4.0 45.8 4.0 6.5 26 - 61 84 4.0 82.8 4.0 4.9 66 - 98 24 24 
SEM1 
57.6 10.0 57.8 1.6 57.9 10.0 57.6 1.5 6.6 39 - 83 (*) 99.9 10.0 100.9 2.6 99.6 10.0 100.3 2.0 5.8 84 - 127 (*) 19 23 
With Pt coating, 
correction (5nm) 58.7 10.0 58.2 10.0 6.5 45 - 78 (*) 102.4 10.0 101.5 10.0 5.8 80 - 125 (*) 17 23 
57.1 10.0 56.8 10.0 7.0 38 - 80 (*) 100.5 10.0 99.9 10.0 5.7 81 - 119 (*) 23 26 
SEM5 
37.5 32.0 48.6 19.3 48.9 32.0 50.4 3.9 10.2 33-70 (*) 89.6 32.0 96.1 12.1 92.1 32.0 96.1 7.0 8.7 70-114 (*) 50 37 With Au/Pd 
coating; not 
corrected for 
coating thickness, 
but included in 
uncertainty 
53.0 32.0 52.6 32.0 10.9 35-75 (*) 97.1 32.0 98.6 32.0 6.4 79-108 (*) 42 55 
55.2 32.0 49.6 32.0 10.6 32-77 (*) 101.6 32.0 97.5 32.0 6.5 78-107 (*) 33 53 
SMPS2 
SEM4 
50.4 10.0 52.2 3.2 51.5 10.0 51.6 0.4 6.4 37 - 63 (*) 107.6 10.0 107.5 1.3 102.7 10.0 101.9 1.4 8.3 80 - 117 (*) 51 47 Au coating; not 
corrected for 
coating thickness, 
but included into 
uncertainty, 
Traceable to NIST 
SRM 8013 
53.4 10.0 51.8 10.0 5.7 32 - 61 (*) 106.9 10.0 101.4 10.0 6.3 75 - 116 (*) 36 40 
52.8 10.0 51.4 10.0 5.7 31 - 60 (*) 108.2 10.0 101.7 10.0 6.5 83 - 117 (*) 62 59 
43.0 10.0 42.3 1.2 40.7 10.0 40.7 0.3 5.6 29 - 50 (*) 85.1 10.0 85.0 1.0 81.2 10.0 80.6 1.1 6.6 62 - 93 (*) 51 47 Au coating; not 
corrected for 
coating thickness, 
but included into 
uncertainty, 
Traceable to NIST 
SRM 1963 
42.3 10.0 40.9 10.0 4.5 25 - 48 (*) 84.5 10.0 80.2 10.0 5.0 62 - 92 (*) 36 43 
41.8 10.0 40.6 10.0 4.8 25 - 48 (*) 85.5 10.0 80.4 10.0 5.2 65 - 92 (*) 62 59 
SEM1 
58.2 10.0 58.2 0.4 57.9 10.0 57.8 0.5 6.9 41 - 76 (*) 103.6 10.0 102.9 4.4 102.9 10.0 102.4 4.5 6.9 80 - 130 (*) 27 20 
With Pt coating, 
correction (5nm) 58.4 10.0 58.0 10.0 6.5 36 - 80 (*) 104.6 10.0 104.4 10.0 6.8 82 - 159 (*) 19 20 
58.0 10.0 57.5 10.0 7.0 43 - 80 (*) 100.4 10.0 100.0 10.0 5.7 80 - 124 (*) 15 20 
SEM2 
41 15.0 36.0 14.1 37.5 15.0 32.3 14.5 5.6 51 - 73 (*) 89 15.0 80.0 25.5 82.8 15.0 74.0 24.9 11.7 84 - 196 (*) 24 10 With Au coating, 
correction (26 nm) 31 15.0 27.2 15.0 4.7 43 - 61 (*) 71 15.0 65.2 15.0 9.8 70 - 164 (*) 26 10 
SMPS3 
SEM3 
42 4.0 41.0 2.0 41.3 4.0 41.4 1.8 6.3 17 - 55 81 4.0 81.0 2.0 78.6 4.0 80.0 2.7 6.1 55 - 93 42 42 
Without coating 40 4.0 40.5 4.0 5.8 24 - 52 80 4.0 80.1 4.0 6.1 52 - 100 41 41 
41 4.0 42.3 4.0 5.6 27 - 57 82 4.0 81.2 4.0 5.4 57 - 97 33 33 
SEM7 
44.5 5.0 45.2 1.5 42.3 5.0 43.8 3.6 6.6 21-64 82 5.0 82.7 1.2 81.8 5.0 83.2 2.4 5.7 65-100 27 27 
Without coating 46 5.0 43.4 5.0 5.5 24-65 83 5.0 83.6 5.0 5.0 66-105 20 19 
45 5.0 45.8 5.0 5.5 31-64 83 5.0 84.1 5.0 5.4 67-102 36 36 
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* With coating 
Table 3.12. SEM measurement results of aerosol DP 
 
    Mean Mode  
Sampling lab Samples 
Name of the 
grids (N1, N2.., 
G1.. or g1..) 
TEM 
Lab 
Diameter dp 
(nm) 
Average 
(nm) 
2*SD, reproducibility 
(nm) 
Diameter dp 
(nm) 
Average 
(nm) 
2*SD, 
reproducibility (nm)
SD of size distribution 
(nm) 
SMPS3 
A 
G1 
TEM4 
29.5 
28.9 1.6 
31.0 
30.5 1.2 
6.6 
G1 29.3 30.0 4.7 
G1 27.8 31.0 6.3 
G1 29.2 30.0 4.5 
G1 TEM3 32.3 - - 34.0 - - 3.0 
B N1 TEM1 35.3 - - 31.3 - - 2.9 N3 TEM5 35.9 - - 37.3 - - 3.7 
SMPS4 
A 
G2 
TEM4 
28.8 
28.7 0.8 
30.0 
30.3 1.2 
4.2 
G2 28.3 31.0 6.0 
G2 29.1 30.0 5.1 
B N3 28.7 - - 29.0 - - 4.0 
A G1 TEM1 
35.8 36.0 0.5 - - - 3.9 G1 36.2 - 3.6 
B N1 35.0 - - 31.1 - - 3.5 
A 
G1* 
TEM2 
36.5 
36.8 0.6 
37.1 
37.3 0.3 
4.4 
G1 37.1 37.4 4.6 
G1 36.9 37.4 4.4 
g1 52.9 
53.6 1.2 
52.9 
53.6 1.5 
4.2 
g1 54.0 54.4 4.1 
g1 53.8 53.6 4.2 
B 
N1 36.4 
36.8 1.6 
36.8 
37.3 1.8 
4.2 
N2 37.7 38.3 4.5 
N3 36.2 36.7 4.4 
A 
G1 
TEM7 
39.5 
39.2 1.9 
40.0 
39.8 6.8 
7.2 
G2 37.4 33.0 7.1 
G1 40.9 43.0 6.0 
G2 39.3 39.0 5.5 
G1 39.0 39.0 5.1 
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G1 39.3 43.0 5.1 
G2 39.1 43.0 6.0 
G1* 39.0 38.0 6.0 
B N1 39.0 - - 40.0 - - 5.0 
SMPS2 A 
G1 TEM5 35.9 35.8 0.2 35.5 36.4 2.5 5.1 G2 35.7 37.3 4.0 
G1 
TEM3 
37.9 
34.9 4.9 
33.0 
35.3 3.0 
15.0 
G2 37.3 37.0 6.3 
G1 35.0 37.0 7.4 
G2 33.1 35.0 3.0 
G1 31.4 35.0 3.2 
G2 34.9 35.0 7.8 
G1 
TEM2 
36.6 
37.1 1.5 
37.0 
37.5 1.4 
4.1 
G1 36.8 37.2 3.8 
G1 38 38.3 3.9 
g1 51.7 
52.3 1.3 
52.2 
52.6 1.1 
4.1 
g1 53 53.2 4.2 
g1 52.1 52.4 4.1 
SMPS1 A 
G1 
TEM3 
32.2 32.8 1.9 35.0 35.0 0.0 2.7 G2 33.5 35.0 3.5 
C g1 30.7 - - 31.0 - - 3.1 
Table 3.13. Size measurements of silica Aerosol OP by TEM 
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SMPS3 A 
G1 
TEM4 
35.0 
34.6 2.2 
29.0 
31.0 3.5 
4.8 77.6 
77.8 3.2 
80.0 
80.0 4.0 
5.30 
G1 33.3 32.0 4.7 76.3 78.0 6.13 
G1 35.4 32.0 4.7 79.4 82.0 5.92 
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G1 TEM3 39.9 - - 45.0 - - 5.3 79.9 - - 85.0 - - 5.36 
B N1 TEM1 43.2 - - - - - 5.7 82.2 - - - - - 4.06 
N3 TEM5 44.3 - - 44.4 - - 5.8 87.5 - - 90.6 - - 5.45 
SMPS4 
A 
G2 
TEM4 
36.0 
35.2 1.4 
38.0 
36.0 5.3 
6.4 80.1 
79.5 1.5 
81.0 
81.0 2.0 
6.06 
G2 34.8 33.0 5.4 79.7 82.0 5.90 
G2 34.8 37.0 5.6 78.7 80.0 6.23 
B N4 34.5 - - 38.0 - - 4.9 76.6 - - 78.0 - - 6.28 
A G1 TEM1 
43.6 43.9 0.9 - - - 5.4 81.2 82.6 4.2 - - - 5.57 G1 44.2 - - - 6.3 84.1 - - - 4.26 
B N1 41.2 - - - - - 5.9 82.0 - - - - - 5.13 
A 
G1* 
TEM2 
45.6 
45.1 1.0 
46.4* 
46.0 0.4 
7.0 90.3 
89.9 1.6 
90.9 
90.6 1.5 
5.2* 
G1 45.1 46.1 7.2 90.5 91.2 5.50 
G1 44.6 45.8 7.0 89.0 89.8 5.40 
g1 63.6 63.6 0.0 64.0 64.0 0.0 6.6 109.6 109.1 1.6 110.4 109.6 2.4 6.10 g1 63.6 64.0 7.8 108.5 108.7 5.70 
B 
N1 45.9 
46.4 1.2 
46.9 
47.5 1.0 
7.0 91.5 
92.1 1.1 
91.5 
92.3 1.7 
5.40 
N2 46.2 47.8 7.3 92.3 92.2 5.60 
N3 47.1 47.8 6.9 92.5 93.2 5.40 
A 
G1 TEM6 41.7 - - 42.5 - - 7.3 85.4 - - 87.5 - - 4.38 
G1 
TEM7 
48.1 
46.2 2.4 
49.0 
48.3 4.7 
9.1 93.9 
93.0 3.6 
96.0 
94.4 4.9 
5.34 
G2 45.8 50.0 8.9 91.7 92.0 6.07 
G1 46.8 49.0 9.0 93.5 96.0 5.99 
G2 46.6 49.0 8.6 94.0 95.0 7.67 
G1 44.6 43.0 8.3 89.9 90.0 5.90 
G2 46.5 49.0 10.1 95.4 96.0 6.31 
G1* 45.0 49.0 8.8 92.4 96.0 6.89 
B N1 42.7 - - 43.0 - - 8.6 91.0 - - 86.0 - - 5.54 
SMPS2 A 
G1 TEM5 43.5 44.0 1.5 46.2 44.4 5.0 6.3 87.5 87.8 0.8 88.8 89.7 2.5 4.80 G2 44.6 42.6 6.1 88.1 90.6 5.20 
G1 
TEM2 
47.3 
48.4 1.9 
48.1 
49.0 1.6 
6.8 90.9 
92.0 2.4 
91.6 
92.6 2.2 
5.40 
G1 48.7 49.1 6.4 91.7 92.5 5.90 
G1 49.1 49.7 6.4 93.3 93.8 5.80 
SMPS1 A 
G1 
TEM3 
42.9 42.5 0.9 43.0 43.0 0.0 5.4 78.9 79.2 0.7 81.0 80.0 2.8 5.96 G2 42.2 43.0 3.5 79.4 79.0 3.64 
B N4 44.2 - - 47.0 - - 2.3 79.0 - - 82.0 - - 4.14 
Table 3.14. Size measurements of silica Aerosol DP by TEM
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Abstract 
In the field of workplace air quality, measuring and analysing the size 
distribution of airborne particles to identify their sources and apportion their 
contribution has become widely accepted, however, the driving factors that influence 
this parameter, particularly for nanoparticles (< 100 nm), have not been thoroughly 
determined. Identification of driving factors, and in turn, general trends in size 
distribution of emitted particles would facilitate the prediction of nanoparticles’ 
emission behaviour and significantly contribute to their exposure assessment. In this 
study, a comprehensive analysis of the particle number size distribution data, with a 
particular focus on the ultrafine size range of synthetic clay particles emitted from a 
jet milling machine was conducted using the multi-lognormal fitting method. The 
results showed relatively high contribution of nanoparticles to the emissions in many 
of the tested cases, and also, that both surface treatment and feed rate of the machine 
are significant factors influencing the size distribution of the emitted particles of this 
size.  In particular, applying surface treatments and increasing the machine feed rate 
have the similar effect of reducing the size of the particles, however, no general trend 
was found in variations of size distribution across different surface treatments and 
feed rates. The findings of our study demonstrate that for this process and other 
activities, where no general trend is found in the size distribution of the emitted 
airborne particles due to dissimilar effects of the driving factors, each case must be 
treated separately in terms of workplace exposure assessment and regulations. 
 
Keywords 
Airborne particle emission, size distribution, workplace aerosol measurement, 
synthetic clays 
 
5.1 INTRODUCTION 
There is now a growing consensus over the impact of airborne engineered 
particles’ size on their toxicity and behaviour in different environments [1-3]. Thus, 
determining the size distribution of these particles during different stages of their life 
cycle, particularly in nanotechnology workplaces where the amount of the emitted 
particles is significant and many people are exposed to them, is of crucial 
importance. This task requires isolating the particles of interest from any other 
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interfering factors (i.e., background particles and those emitted from other activities 
in the area where measurement takes place), discriminating them based on their size, 
and finally quantifying the particles in each size bin [4]. Researchers have employed 
instruments operating on several different principles and/or size ranges for aerosol 
size distribution measurements [5, 6]. A review of the literature suggests that in order 
to measure the particle size distribution within a wide range from a few nanometres 
to several micrometres, a combination of the Scanning Mobility Particle Sizer 
(SMPS) [7, 8] or the Fast Mobility Particle Sizer (FMPS) [9, 10] with the Optical 
Particle Counter (OPC) [11, 12] or the Aerodynamic Particle Sizer (APS) [13, 14] is 
required. The list of the conducted studies in various nanotechnology workplaces, 
alongside the methods/instruments that were used to measure the size distribution of 
the emitted particles due to different activities can be found in several review papers 
including those published by [15, 16] and [17].  
Despite the fact that size distribution was often included in workplace aerosol 
measurements, the majority of studies were concerned with the effect of adding 
different nanofillers to the reference materials on the properties of the emitted 
particles (including their size distribution [13, 18-20]. So far, however, very few 
studies have attempted to quantitatively characterise particle size distribution and to 
study the effects of different factors on this key parameter. 
According to the literature, aerosol particle size distribution can be represented 
by a sum of several log-normal distributions [21]. Although the method was initially 
used for atmospheric aerosols, some researchers have applied it to engineered 
nanoparticles as well. For instance, Schlagenhauf et al. [14] studied the abrasion 
process of epoxy-based nanocomposites containing carbon nanotubes using this 
method and showed that all tested samples had four modes, among which the 
smallest size was measured by SMPS, and the remaining three by APS. In another 
study, Koponen [13, 22] reported that the dust emission from sanding nanoparticle-
containing paints consisted of five size modes, with the first three under 1 µm and 
the other two around 1 and 2 µm. 
One particular class of materials that has gained an increasing popularity in 
industrial use due to its superior physical properties compared to the natural clays is 
the synthetic clays [23]. Nevertheless, only a handful of studies have been conducted 
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on the emission of nanoparticles from these materials during different activities, or 
on the physio-chemical characterisation of such particles [19, 24]. 
The overall aim of this study was to infer the emission characteristics of a 
range of jet milled synthetic clay particles by studying their size distributions under 
various conditions, i.e., following the application of different surface treatments to 
the feed materials or varying of the feed rate, with a particular interest in 
nanoparticles. Our approach was to assess factors driving the emission of the 
airborne submicrometer particles from the abovementioned process, followed by 
investigating the effect of these parameters on the size distribution of the emitted 
particles using the multi-lognormal fitting method. The main objectives of this study 
were to: 
 Determine the contribution of different size ranges to the total size 
distribution of the emitted airborne particles from this mechanical process 
 Establish the extent to which the size distribution of the emitted particles, 
in both sub and super-micrometer range, is influenced by surface treatment 
and feed rate of the milling machine 
 Assess whether the effect of surface treatment on size distribution is 
similar across different materials 
 
5.2 MATERIAL AND METHODS 
5.2.1 Process 
Measurements were conducted in a university laboratory, using a Micron-
Master Jet Pulveriser jet milling machine to reduce the size of the synthetic clay 
composites by grinding the feed material. The working principle of the process is 
based upon particle collision. Whilst the large particles are held in the grinding 
chamber by centrifugal force, the ground particles are carried out by an air flow and 
collected in the product chamber.  More information can be found in our previous 
study [25]. 
5.2.2 Materials tested 
Four types of synthetic clays with different primary particle/agglomerate sizes 
were used. In addition to these unmodified samples, each one was subjected to five 
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different surface treatments, which were obtained by applying different ratios of the 
two main surface treatments Choline Chloride (CC) and Ethoquad O/12 PG (ETHO), 
bringing the total number of the study cases to 24. Table 5.1 summarises the 
properties of these synthetic clays. 
 
Material 
Primary 
particle/agglomer
ate size (nm) 
Main surface 
treatment 
Molecular 
mass 
(g mol-1) 
Applied surface 
treatment 
CC/ETH
O mixing 
ratio 
 (%) 
Lucentite® 
(LUC) 
Laponite® 
(H80) 
 
Laponite® 
(H120) 
 
Cloisite® 
(CLO) 
 
25 
Choline 
Chloride 
(CC) 
139.6 
N (non) 
CC 
CMOD 
MMOD 
EMOD 
ETHO 
- 
100/0 
75/25 
50/50 
25/75 
0/100 
80 
120 
Ethoquad 
O/12 PG 
(ETHO) 
406.1 
300 
Table 5.1. Properties of the synthetic clay types and the applied surface treatments 
 
5.2.3 Instrumentation 
To capture a wide range of particle size, the TSI AERO TRAK model 9306 
Optical Particle Counter (OPC) with size range of 0.3-10 µm and flow rate of 2.8 L 
min-1 was used. The OPC bin sizes used in this study were 0.3-0.5, 0.5-1, 1-3, 3-5, 5-
10, and ˃10 µm. For the submicrometer size range, a Scanning Mobility Particle 
Sizer (SMPS) consisting of a TSI long DMA (Differential Mobility Analyser) model 
3081 and a TSI CPC (Condensation Particle Counter) model 3782, which measured 
in the size range of 10-422 nm was used. The up-scan time was set to 120 s followed 
by a down-scan of 30 s. The sheath and aerosol air flow of the classifier were set to 6 
and 0.6 L min-1. 
At the beginning of each measurement day, the instrument flow rates were 
checked by a bubble flow meter and their times were synchronised. The sampling 
frequency of the OPC was set to the shortest time possible (1 s) to measure all the 
momentary variations during size distribution measurements. The SMPS was 
calibrated prior to conducting the measurements using monodisperse polystyrene 
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latex (PSL) particles with the nominal diameter of 46 nm. A zero check of all 
instruments was also performed at the beginning of each day of measurements using 
a high-efficiency particulate absorption (HEPA) filter. 
5.2.4 Study Design 
Firstly, by comparing the instruments’ readings in the vicinity of the jet milling 
machine before and during its operating time, it was confirmed that the source of 
airborne particle emission was at the connection point of the collection bag to the 
venturi outlet. A black conductive rubber tube was placed in the proximity of the 
particle emission source (ca. 2 cm) with its other end connected to an aerosol flow 
splitter, which was used to feed both the OPC and SMPS. To minimise particle 
losses, the shortest possible lengths were used for tubing (< 20 cm). 
For each of the available 24 samples, SMPS scans (150 s each) were conducted 
in triplicate. After this period, the machine was turned off, dismantled and cleaned 
for the next sample. Whilst studying the effect of the surface treatments, the feed rate 
of the jet milling machine was kept constant. 
To assess the effect of the feed rate on the size distribution of the emitted 
particles, three feed rates (7.5, 4.1 and 2.1 g min-1) were applied to two different 
samples (LUC-N and H80-EMOD). 
5.2.5 Data Analysis 
Both OPC and SMPS data were imported into R programming and statistical 
computing software [26]. The background PNSDs (Particle Number Size 
Distributions) at the emission source, during the operation of the jet milling machine 
and before adding the product to it, were measured by SMPS and OPC, averaged, 
and then subtracted from the measured PNSDs during the milling process to 
represent the product emission. 
The OPC data were used to obtain an overview of the size distribution in a 
wide range by examining the number concentration in each size bin, as well as the 
number concentration of super-micrometre particles. As mentioned earlier, the major 
focus of this study was on the nanoparticles. Therefore, the main effort in analysing 
the data was dedicated to them. Initially, three scans for each sample were replaced 
by their mean, leading to a data set of 24 size distributions. The data were then 
smoothed by fitting a Generalised Additive Model (GAM) in R, based on penalised 
 Chapter 5: What are the driving factors influencing the size distribution of airborne synthetic clay particles? 146 
B-splines [27, 28] to eliminate the noises in the PNSD spectra. Using the Multi-peak 
Fitting package in Igor Pro 6.21 [29], the data for each sample were replaced by the 
following multi-lognormal fit: 
 (1) 

























2
0
0
ln
exp
W
x
x
AYY  
The fit returned 0Y , A , x , and W for each mode in PNSD. By comparing 
Equation (1) with the mathematical expression of the multi-lognormal distribution, 
the key properties of each mode were obtained as below: 
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These parameters are geometric mean diameter PD , geometric standard 
deviation  , and mode number concentration N and were used to determine the 
number and location of the modes in each size range and to identify their 
contribution to the emission of each sample from the process. These values were then 
compared across the samples in an attempt to understand the effect of surface 
treatment and machine feed rate in the emission of synthetic clay particles from the 
studied milling process.   
5.3 RESULTS AND DISCUSSIONS 
5.3.1 Total Particle Number Concentration (PNC) 
Table 5.2 presents the individual background and process total PNCs measured 
by SMPS and OPC, as well as the total concentrations for product and background 
for each sample. “Background” and “Process” refer to the stages, when the milling 
machine was running without and with the feed material, respectively. Therefore, the 
difference of the mean PNCs between process and background yields the 
concentration of the emitted clay particles, i.e., product emission. 
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Material Surface 
treat 
SMPS (cm-3)  OPC (cm-3) Product 
emission 
Background 
concentration 
Background 
(×102) 
Process 
(×103) 
 Background Process 
(×102) 
(cm-3) 
(×103) 
(cm-3) 
(×102) 
LUC 
N 9.2 (0.4) 1.3 (0.4)  1 (1) 2.6 (0.3) 0.6 9.2 
CC 10.5 (1.6) 2.1 (0.5)  6 (1) 2.4 (0.7) 1.3 10.5 
CMOD 8.8 (1.5) 1.1 (0.3)  1 (0) 0.6 (0.1) 0.3 8.8 
MMOD 6.3 (0.8) 2.4 (0.4)  9 (2) 2.0 (0.3) 2.0 6.4 
EMOD 4.6 (0.9) 1.6 (0.8)  3 (1) 1.1 (0.4) 1.3 4.6 
ETHO 
 
3.7 (0.4) 1.6 (0.8)  2 (1) 0.8 (0.2) 1.3 3.7 
H80 
N 4.9 (0.1) 3.1 (1.1)  1 (0) 2.5 (0.3) 2.9 4.9 
CC 3.7 (0.6) 1.2 (0.2)  4 (0) 0.5 (0.1) 0.9 3.7 
CMOD 3.9 (0.4) 12.6 (1.9)  5 (1) 2.6 (0.7) 12.5 3.9 
MMOD 2.7 (0.3) 6.8 (1.0)  5 (1) 3.7 (0.5) 6.9 2.8 
EMOD 5.5 (0.3) 2.6 (0.6)  2 (0) 2.9 (0.4) 2.3 5.5 
ETHO 
 
4.5 (0.6) 6.8 (1.1)  1 (0) 7.0 (0.6) 7.1 4.5 
H120 
N 3.0 (0.5) 20.1 (1.9)  1 (0) 7.6 (0.3) 21.0 3.0 
CC 2.9 (0.3) 8.4 (0.9)  3 (1) 3.8 (0.6) 8.5 2.9 
CMOD 1.8 (0.3) 1.8 (0.1)  1 (1) 1.1 (0.1) 1.7 1.8 
MMOD 2.9 (0.3) 2.6 (0.8)  3 (1) 1.6 (0.2) 2.4 3.0 
EMOD 1.8 (0.2) 3.9 (0.5)  1 (0) 1.5 (0.3) 3.8 1.8 
ETHO 
 
2.1 (0.1) 5.0 (1.1)  1 (0) 1.7 (0.7) 5.0 2.1 
CLO 
N 2.4 (0.3) 26.0 (1.7)  5 (0) 4.5 (1.2) 26.2 2.5 
CC 3.8 (0.1) 6.1 (0.9)  1 (0) 2.6 (0.6) 5.9 3.8 
CMOD 3.8 (0.3) 7.8 (0.4)  2 (1) 4.4 (0.9) 7.9 3.8 
MMOD 2.6 (0.3) 3.8 (0.5)  3 (2) 2.5 (0.2) 3.8 2.6 
EMOD 1.8 (0.2) 3.7 (0.9)  1 (0) 1.7 (0.3) 3.7 1.8 
ETHO 4.2 (0.2) 2.0 (0.4)  7 (1) 2.1 (0.1) 1.8 4.3 
Table 5.2. Mean background and process concentrations for individual samples and their standard 
deviations in parenthesis, together with total number concentrations of emitted clay particles and 
background 
Comparison of the individual SMPS and OPC total number concentrations in 
Table 5.2 shows that the emitted clay particles were dominated by those in the sub-
micrometre range, particularly d<0.3 µm, which is the SMPS data range used in this 
study. The mean total PNC of the background was 4.3×102 cm-3 with a SD of 
2.4×102 cm-3. Similar to the emitted clay particles, background particles were also 
mainly in the range of d< 0.3 µm. Total PNC of the emitted clay particles were 
obtained by subtracting the background concentration from the process concentration 
for both SMPS and OPC and summing the results. It varied in the range of 0.3-
26.2×103 cm-3. 
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Among the particle sizes, concentrations of LUC samples obtained by both 
SMPS and OPC, and consequently, the total concentration were the lowest. On the 
other end of the spectrum, CLO samples had the highest overall SMPS number 
concentration and the second highest overall OPC number concentration after H80. 
Therefore, this particle size exhibited the highest average total concentration. The 
variations of concentration across different surface treatments within each size were 
not identical. For instance, whilst for H120 and CLO, the emission of the unmodified 
samples was significantly higher than others, for H80, MMOD treatment showed the 
highest emission. 
This initial assessment highlighted a need to investigate the PNSD of the 
emitted clay particles more closely, mainly in the SMPS size range, which includes 
ultrafine particles. 
5.3.2 Particle Number Size Distributions (PNSDs) 
Smoothing the PNSD spectra 
Figure 5.1 shows the smoothed mean PNSDs of background, process including 
background, and emitted clay particles for sample H120-ETHO, as an example for 
the application of GAM fit in this study. 
 
 
Figure 5.1. Smoothed PNSDs of H120-ETHO during different measurement stages, obtained by 
applying GAM fit 
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Together with the total number concentration results in Table 5.2, Figure 5.1 
provides solid evidence for the emission of clay particles from this process by 
showing a significant difference between background and product concentrations. As 
can be seen in Figure 5.1, the PNSD for the emitted clay particles includes multiple 
modes corresponding to both nanoparticles  and particles of bigger sizes (>100 nm). 
Another noteworthy point regarding Figure 5.1 is that correcting the measured PNSD 
for that of background did not affect the properties of these modes, and their shapes 
and locations were preserved. 
Multi-lognormal fitting 
In order to quantify the effect of surface treatment and feed rate on the size 
distribution of the emitted particles, a multi-lognormal fit was applied to the PNSD 
spectrum of each sample. This section starts with studying the effect of surface 
treatment and will proceed to evaluation of milling feed rate as another parameter of 
potential impact. 
The difference between concentrations of measured and fitted data did not 
exceed 10%, hence, confirming the suitability of the applied multi-lognormal fits. 
Figure 5.2 shows the results of applying the fit to the PNSD spectra of CLO samples. 
It can be inferred from Figure 5.2 that the multi-lognormal fits are suitable for 
parameterisation of PNSDs, as they can be fitted to the obtained experimental data 
within an acceptable level of accuracy. The resultant parameters can then be used to 
facilitate the characterisation of the emitted particles in the size range corresponding 
to SMPS. This method was applied to all PNSDs and the important characteristics of 
the modes were obtained. GMD (Geometric Mean Diameter) and total number 
concentration of the modes are presented in Figure 5.3. 
From Figure 5.3, it can be seen that despite different primary sizes, all tested 
cases had not only one, but in most cases two nanoparticle modes. Among the tested 
materials, LUC and CLO samples had 11 nanoparticle modes, whilst H80 and H120 
had 10. In order to thoroughly determine the effect of surface treatment on size 
distribution of the emitted nanoparticles, the following assessment criteria were 
chosen: location of nanoparticle modes, variations in the location of nanoparticle 
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mode(s) for each material due to different surface treatments, and the contribution of 
nanoparticles to the total emissions. 
 
 
Figure 5.2. Results of the multi-lognormal fits applied to the PNSD of CLO samples measured by 
SMPS 
 
 
Figure 5.3. Key modal characteristics of PNSDs for all materials and surface treatments obtained by 
multi-lognormal fitting 
 Chapter 5: What are the driving factors influencing the size distribution of airborne synthetic clay particles? 151 
Location of nanoparticle modes: According to Figure 5.3, the overall impact of 
applying surface treatments to the available materials on the size distribution of the 
emitted particles was emission of smaller particles. Except for a few cases, the results 
show a shift toward smaller sizes in both nanoparticle and larger modes of the 
emitted particles in the surface-treated materials compared to the unmodified ones. A 
closer look into Figure 5.3 shows an overall declining trend in the geometric mean 
diameters of the first two modes across surface treatments from N to ETHO. A 
possible explanation for this phenomenon could be collision of the particles. As 
stated earlier, the particles collide with one another at very high velocities and get 
pulverised inside the grinding chamber of the jet milling machine. Because the 
surface-treated particles are heavier and have more kinetic energy compared to the 
unmodified ones, their collision could result in a more significant size reduction of 
the particles. Despite this overall declining trend in size with surface treatment, this 
parameter also shows some dissimilar effects in different tested materials. For 
instance, whilst Mode 1 of the PNSD spectra for H120-EMOD had the smallest 
GMD (27 nm) compared to the other treatments applied, the GMD of the same mode 
for H80-EMOD was the second highest (61 nm). This points to the importance of 
considering the material/surface treatment interaction as another parameter in the 
analysis and interpretation of the data. 
Variations in the location of nanoparticle mode(s) across the surface 
treatments: These variations were comparable for the tested materials. The widest 
range of variation in nanoparticle mode(s) locations was observed in CLO samples 
with the range of 25 – 98 nm and the standard deviation of 27 nm, whilst H80 
experienced the least variation, ranging from 32 nm to 90 nm (standard deviation 18 
nm). H80 was the material whose nanoparticle modes were least influenced by 
surface treatment in terms of both location and geometric standard deviations, since 
neither varied significantly. To quantify the variation caused by different surface 
treatments in GMDs of nanoparticle modes, a categorical regression model was 
applied in R for each material, assuming the unmodified condition as the baseline for 
comparison. Table 5.3 presents the results of this model. 
According to Table 5.3, deviation values are mostly negative, indicating the 
emission of smaller particles for the surface-treated samples compared to the 
unmodified ones, as was previously shown in Figure 5.3. Furthermore, CC and 
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ETHO show the most variations, as they have the highest means of absolute 
deviations from the baseline GMDs among the surface treatments. 
 
Material 
 
Baseline 
GMD(nm) 
 
Deviation from baseline (nm) 
    CC CMOD MMOD EMOD ETHO 
LUC  69  -22 6 -10.5 -20 -22 
H80  63  5.5 -13 -13.5 -2 -13 
H120  61  7.5 13 2 -6 -11 
CLO  86  -43.5 -15 -29 -22 -29 
Table 5.3. Deviations from the baseline (unmodified sample) in the GMDs of nanoparticle modes due 
to different surface treatment 
Contribution of the nanoparticles to the total emissions: The ratios of the 
number concentration of three size ranges (nanoparticles, 100 < GMD <300 nm, and 
GMD > 300 nm) to the total number concentration measured for each sample are 
shown in Figure 5.4. The concentrations of the first two ranges were measured by 
SMPS and the last one was measured by OPC. 
 
 
Figure 5.4. Contribution of different size ranges to the total measured concentration 
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Figure 5.4 shows that CLO contributed the most to the emissions of 
nanoparticles, whilst H80 had the lowest emission of such particles amongst the 
tested materials. Across the surface treatments, CMOD had the most contribution to 
the emissions of nanoparticles, with three dominant modes in this range, i.e., more 
than 50% contribution to the total concentration. 
As stated previously, feed rate of the milling machine was also considered as a 
potential driving factor influencing the particle emissions. Figure 5.5 gives an 
overview of how the number concentrations of the emitted particles in different size 
ranges were affected by the feed rate of the milling machine. 
According to Figure 5.5, the emissions of particles did not undergo any 
significant variations due to the different feed rates in any of the studied size ranges, 
however, H80 was shown to be affected more than LUC as the variations across the 
feed rates were somewhat higher in all size ranges, particularly in the first one (d < 
300 nm). Therefore, the PNSD data obtained by the SMPS were processed and 
analysed in the same way as in the previous section, in order to better understand the 
effect of the feed rate on the emission behaviour of the submicrometer particles, with 
a particular interest in nanoparticles.  
 
Figure 5.5. The effect of feed rate (FR 1=7.5, FR 2=4.1, and FR 3=2.1 g min-1) on number 
concentration of the emitted particles in different size ranges for each material 
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Figure 5.6 summarises the main properties of the lognormal modes, which 
constitute each PNSD spectra for both tested materials and for the three tested feed 
rates. 
 
Figure 5.6. Multi-lognormal fitting results for the feed rate experiment 
   It can be seen from Figure 5.6 that all tested cases have two nanoparticle 
modes. It can also be seen that decreasing the feed rate from 1 to 3 resulted in a shift 
in the location of nanoparticle modes towards larger particles, however, there are 
some differences in how each material was affected by the feed rate. For instance, 
the variations in the locations of nanoparticle modes in LUC are more significant 
than in H80, particularly in the first mode. The same explanation used for the effect 
of surface treatment on the location of the nanoparticle modes could also be valid for 
the feed rate, associating the emission of smaller particles to the higher number of 
particle collisions due to the increased feed rate. In terms of the contribution of the 
nanoparticles to the total emissions in each case, the differences are more apparent. 
While the contribution of LUC nanoparticles were increased consistently by 
decreasing the feed rate (52%, 53%, and 60% for feed rates 1, 2, and 3, respectively), 
the contribution of the H80 nanoparticles reached its peak by 70% at feed rate 2, but 
subsequently decreased to 38% at feed rate 3.   
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5.4 CONCLUSIONS 
   This study infers the emission behaviour of the synthetic clay particles from a 
jet milling process through analysis of the measured size distribution in a 
comprehensive particle size range, with a focus on the submicrometer and more 
particularly, nanoparticles. The suite of instruments included a SMPS for 
measurements of submicrometer and nanoparticles and an OPC for supermicrometer 
particles. The effects of the surface treatment of the clay materials and of the feed 
rate of the milling machine were each studied as potential driving parameters of the 
size distribution of the emitted particles. Since the initial assessment of the OPC and 
SMPS data for both, surface treatment and feed rate, showed that the majority of the 
emitted particles were relatively small and more particularly, within the detection 
limits of SMPS, the analyses were mainly focused on this range. The PNSD spectra 
were smoothed and replaced by multi-lognormal fits with a high level of accuracy. 
The identified modes, and more particularly those corresponding to nanoparticles, 
were then compared in view of number, location, and their contribution to the 
particle emission from the process. 
The results confirmed the emission of nanoparticles during jet milling of all 
tested cases as their PNSD spectra had one or more nanoparticle modes. Moreover, 
in almost half of the tested cases (10 samples), emissions from the process were 
dominated by nanoparticles. The results showed that applying different surface 
treatments to the feed material caused significant variations in PNSD of the emitted 
particles, denoting the important effect of this parameter on particles emission 
characteristics. These variations, however, were not similar across the tested 
materials. In terms of the emitted particle size, the general implication of the result is 
that although applying the surface treatments led to the emission of smaller particles, 
not all tested materials were equally affected by this factor. On the other hand, and 
regarding the effect of surface treatment on the contribution of nanoparticles to the 
emission, no general trend was found in the tested materials. 
In the feed rate experiment, the results showed that despite the increase in the 
size of the emitted nanoparticles due to reducing the machine feed rate, the overall 
contribution of these particles to the emission did not follow a similar trend in the 
tested materials. 
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To our knowledge, the present study is the first to comprehensively analyse the 
emission size distribution of synthetic nanoclays, which is an important and widely-
used class of materials, from a very common mechanical process. Unlike most of the 
similar studies, which merely focused on the effect of adding nanofillers to the 
reference material on the size distribution of the emitted particles, this study had a 
much closer look into the driving factors influencing the size distribution. The 
present study may be considered a step forward in size characterisation of emitted 
nanoparticles from nanotechnology activities. A reason to support this statement is 
that, in contrast to some similar studies, which had difficulties in interpreting the 
PNSD data for nanoparticles due to different reasons such as the high levels of 
background particles [13, 30] and diffusion [14],  in the present study, the emitted 
synthetic clay nanoparticles could be differentiated from the background efficiently 
and correction of the size distribution data for the background did not affect the 
modal properties of the PNSD spectra. Moreover, not only the findings of this study 
confirmed that characteristics of the materials and the operational factors have a 
major role in the size distribution of the emitted particles from a real-world process, 
the effects of these parameters were also quantified and compared across a wide 
range of cases.  
To conclude, this study shows that the size distribution of the particles emitted 
from the jet milling process is significantly influenced by the surface treatment 
applied to the material, as well as by the feed rate of the machine. As the emitted 
particles are confirmed to be mostly nanoparticles, these effects are more significant 
within this size range. In terms of the emitted particle size, the general implication of 
the result is that applying surface treatments leads to the emission of smaller 
particles, as does increasing the machine feed rate. On the other hand, and regarding 
the contribution of nanoparticles to the emission, although the results indicated 
relatively high levels in many of the tested cases, no general trend was observed in 
the variations across either the surface treatment or the feed rate. The findings of this 
study signify the importance of comprehensive size distribution measurements and 
analysis in shading light on the emission behaviour of any types of particles from 
different activities, particularly nanoparticles, to provide input into the workplace 
exposure assessment and its regulations. 
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Chapter 6: Conclusions 
Airborne engineered nanoparticles (ENPs) are one of the most common types 
of nanotechnology-related products that people are increasingly exposed to in 
different environments, particularly at workplaces. To fully understand the adverse 
effects of ENPs on human health, it is absolutely essential to comprehensively 
characterise their physiochemical properties. The present research has greatly 
contributed to the existing knowledge on physical characterisation of ENPs. 
The overall aims of this research were to: a) contribute to proposing a 
harmonised sampling and measurement procedure for traceable size characterisation 
of ENPs, and b) determine and quantify the effects of parameters influencing the 
emission of ENPs from nanotechnology activities. Firstly, this thesis contributed to 
an inter-laboratory study on both online and offline size measurement methods 
aiming to develop a harmonised protocol for size characterisation of ENPs. Then, the 
variations in particle number concentration (PNC) and particle mass concentration 
(PMC) of synthetic clay nanoparticles emitted from a jet milling machine due to 
different primary particle size, surface treatment, and feed rate of the machine were 
quantified and compared, aiming to assess an emission trend generalisable to other 
similar settings. Finally, the parameterisation method was applied to characterise the 
size distribution of the emitted particles from the jet milling process in terms of: a) 
contribution of different size ranges to emission, and b) effect of the influencing 
parameters. 
This PhD project includes both laboratory and workplace aerosol 
measurements. Instruments such as CPC, SMPS, OPC and Dust-Trak were used to 
obtain the real-time data. Deposition of particles on filters/grids followed by 
SEM/TEM analyses was also performed for the offline morphological/chemical 
single-particle analysis. Comprehensive and novel analysis of the obtained data was 
performed- mainly in R- to achieve the aims of the study.  
6.1 PRINCIPAL SIGNIFICANCE OF THE FINDINGS 
An accurate characterisation of ENPs size can significantly contribute to a 
better understanding of their fate, as this factor is believed to have a strong impact on 
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their deposition in different environments, including the human respiratory tract. To 
date, the inter-laboratory studies aiming to compare online and offline particle size 
measurement techniques have most commonly suffered from a range of deficiencies, 
including unknown measurement accuracy due to the lack of sampling and 
measurement standards, and the absence of harmonised procedures for calibration of 
the instruments and treatment of the data. This signifies the urgent need for 
proposing a harmonised measurement procedure for the traceable size 
characterisation of ENPs. Therefore, the first paper in this thesis was set out to 
propose such a harmonised size characterisation protocol for ENPs. 
With the aim of proposing a harmonised size characterisation approach for 
ENPs, a method for standardised aerosolisation of SiO2 aerosols with one and two 
nanoparticle population(s) was proposed. It was coupled with an inter-laboratory 
comparison of offline and online size characterisation techniques. For online 
measurement, SMPS results of five participating laboratories were compared. The 
proposed characterisation protocol was shown to be valid, as the obtained results 
were in good agreement within the measurement uncertainties for both aerosols. For 
offline measurement, three different techniques were used: AFM, SEM, and TEM. 
The AFM results showed consistency across the participating laboratories, since no 
significant difference was observed between the tested substrates. However, the 
results suggest that using grids and filters as the substrate for this method may result 
in greater measurement uncertainties. Inter-laboratory comparison of SEM results 
confirmed the efficiency of the proposed protocols for sample preparation and 
measurement, as well as the reliability of the modern SEMs for offline size 
characterisation of ENPs. For TEM, direct deposition of particles on grid was found 
to be the optimum technique for sample preparation. Furthermore, choice of substrate 
was shown to have insignificant influence on measured PNSD. The major outcome 
of this paper was proposing protocols for the harmonised size characterisation of 
ENPs. 
The main aim of the second paper was to investigate the existence of a general 
release pattern for particular groups of particles from particular categories of 
nanotechnology processes. If such a trend exists and is verified, it will significantly 
contribute to our knowledge of ENP workplace exposure and future legislations in 
this area. In this paper, variations in emission properties of a group of synthetic clay 
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particles from a jet milling machine were quantified. Size and surface treatment of 
particles, as well as feed rate of the milling machine were considered as the 
contributing parameters to these variations. Analysis of variance, followed by linear 
mixed-effects modelling, was applied to quantify the variations in PMC and PNC of 
the released particles caused by the abovementioned factors. The results showed 
statistically-significant variation in PMC and PNC of the released particles due to 
different size and surface treatment. The interaction of these parameters was also 
found to be an important factor, as it resulted in variations in the measured particles 
release properties. The significance of feed rate was verified too as another 
influencing factor, acting both separately, and in interaction with particles size. The 
outcomes of this study did not imply the existence of a specific pattern in the release 
behaviours of the tested cases generalisable to other similar settings. Therefore, in 
practice, each of these cases should be treated differently in terms of exposure 
considerations in addition to general measures such as enclosure and ventilation. 
Findings of the second paper showed that particle release from a 
nanotechnology process is a function of a range of parameters including properties of 
the particle such as size and surface treatment, and operational factors. Therefore, the 
third paper was designed to have a closer look into the emission behaviour of ENPs, 
with a particular interest in their size, due to its significant role in the fate of the 
airborne particles in different environments. The main aim of this paper was to 
investigate the size distribution of the synthetic clay particles in a broad range 
emitted from the jet milling process, with a particular focus on nanoparticles (< 100 
nm). Initial analysis of the results showed that particle emission from this process 
was mainly dominated by relatively small particles (d < 300 nm). The obtained 
PNSD spectra were smoothed and replaced by multi-lognormal fits with a high level 
of accuracy. The identified modes, and more particularly the nanoparticle ones, were 
then compared in view of number, location, and their contribution to the particle 
emission from the process. The results showed that in almost half of the tested cases, 
the emission from the process was dominated by nanoparticles. Surface treatment 
was also verified to be a significant factor in the emission of the particles, as the 
results showed that it caused considerable variations in PNSDs of the emitted 
particles. These variations, however, were not similar across the tested materials. In 
terms of the emitted particle size, the general implication of the result was that 
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although applying the surface treatments led to the emission of smaller particles, not 
all tested materials were equally affected by this factor. On the other hand, and 
regarding the effect of surface treatment on the contribution of nanoparticles to the 
emission, no general trend was found in the tested materials. In the feed rate 
experiment, the results indicated that despite the increase in the size of the emitted 
nanoparticles due to reducing the machine feed rate, the overall contribution of these 
particles to the emission did not follow a similar trend in the tested materials. The 
findings of third paper signified the importance of comprehensive size distribution 
measurements and analysis in shedding light on the emission behaviour of any types 
of ENPs from different nanotechnology processes. The obtained knowledge will 
provide input into the workplace exposure assessment and its regulations. 
In summary, this research led to the following conclusions/findings: 
 A harmonised protocol was proposed for aerosolisation, sampling, and 
measurement (both online and offline) for size characterisation of 
spherical ENPs. 
 Choice of substrate can have a significant impact on size measurement 
uncertainties in the offline methods, e.g., using conductive substrates 
for SEM. 
 Modern SEMs can be a reliable offline method for size characterisation 
if the proposed sampling and measurement protocol is applied. 
 The preferred method for preparing TEM samples is the direct 
deposition of particles on grids.  
 Emission behaviour of ENPs from a nanotechnology activity can be 
affected significantly by their inherent properties such as primary 
particle size and surface treatment as well as the operational factors. 
 Each tested case should be handled individually in terms of exposure 
considerations since no general trend could be derived from the release 
of synthetic clay nanoparticles from the jet milling process. 
 Multi log-normal fitting method was successfully applied to 
parameterise the PNSD of emitted synthetic clay nanoparticles from a 
jet milling process. 
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 The major contribution of nanoparticles to the total emissions from the 
process was verified by showing one or more modes in this size range 
in the PNSD spectrum of many of the tested cases. 
 Significant but dissimilar variations were observed in the modal 
properties of PNSD spectra, particularly for nanoparticles, due to 
different surface treatments and feed rates. 
 An overall declining trend was observed in the size of the emitted 
particles due to applying surface treatments (from light to heavy) and 
increasing the feed rate.  
Figure 6.1 illustrates the outline of this thesis including the overall aims, 
methods, and results. 
6.2 DIRECTIONS FOR FUTURE RESEARCH 
As described in Chapter 3, the need for a harmonised protocol for size 
characterisation of spherical ENPs including standardised procedures for 
aerosolisation, sampling, and metrologically-traceable online and offline 
measurements was addressed in the first paper. However, it is also necessary to 
develop such a harmonised protocol for ENPs of more complex morphologies by 
conducting similar inter-laboratory studies. It is recommended to compare the online 
and offline measurement results for ENPs of different shapes with those of spherical 
nanoparticles to determine the effect of shape on the uncertainties of each respective 
method.  
The second paper described in Chapter 4, verified the existence of a trend in 
the emission of synthetic clay particles from a jet milling process generalisable to 
other similar settings. This was done by studying the variations in PNC and PM2.5 of 
the emitted particles due to different particle properties and operational factors. 
Although the findings of this paper suggested significant effects of the above 
parameters on the emission behaviour of the tested particles, no specific trend could 
be derived. However, the possibility of such a generalisable trend cannot be 
completely rejected before studying the emission behaviour of a wide range of ENPs. 
This task requires extending the future workplace aerosol measurements to several 
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nanotechnology facilities and taking into account as many influencing parameters as 
possible. 
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Figure 6.1. Outline of the aims, methods, and findings of this thesis 
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As stated in Chapter 5, the third paper inferred the emission properties of 
synthetic clay particles from a jet milling process by determining the driving factors 
influencing the PNSD of the emitted particles. This was achieved through a 
successful application of the multi log-normal fitting method, which resulted in 
obtaining the key modal characteristics of the PNSD data. These characteristics were 
further analysed across all tested cases and the effects of the influencing parameters 
(surface treatment and feed rate) on each mode, in terms of its location and 
contribution to emission, particularly in the ultrafine range, were determined. Despite 
the important findings of this study, there are still areas to improve in future, 
especially in terms of instrumentation. Measuring PNSD with higher time resolution 
by using FMPS instead of SMPS, as was used in this paper, together with obtaining 
morphology data will significantly improve the quality of future studies of this type. 
While the former guarantees capturing all intrinsic variations in PNSD, the latter 
provides valuable information on the specific ways that the factors of interest 
influence the size distribution, e.g., by affecting the agglomeration kinetics of the 
particles. 
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